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ABSTRACT 


The 3 biological entities involved in tobacco stunt disease were 
studied individually and together to determine their inter-relationships. 
Tobacco stunt agent (TSA) was acquired by Olptdtum brassicae zoospores 
tn vivo but not in vittro. At least 200 zoospores per ml were required 
for TSA transmission. Tobacco plants older than 5 weeks were susceptible 
to 0. brassicae but apparently resistant to disease development. 

Temporary remission of disease symptoms occurred in plants 
incubated at 25°C, whereas at 33°C they were freed of stunt. Infected 
plants grown at 17°C developed severe stunt symptoms, and the highest 
TSA infectivity, bioassayed on Chenopodium amaranttcolor, was recovered 
from plants showing early systemic symptoms. Temperature affected the 
number of lesions produced on C. amaranticolor, the optimal temperature 
for lesion number was between 17 and 21°C. At 33°C no lesions developed. 
Treatment of infected tobacco plants at different stages of symptom 
development with antibiotics did not produce remission of symptoms. 

TSA in tobacco sap was extremely unstable. Longevity was 2 hours 
at 20°C, and 24 hours at 4°C,. Dilution end point was 1:100 and thermal 
inactivation occurred at 35°C for 10 minutes. TSA infectivity was low in 
sap extracted in buffers of low pH or of high molarity. TSA infectivity 
in sap was reduced by addition of bentonite, Mg-bentonite, protease and 
RNase. Yeast RNA partially stabilised TSA infectivity, and DNase had no 
effect on TSA. Attempts to isolate infectious TSA-RNA were unsuccessful. 

Particles 15 to 50 nm in diameter were observed in non- infectious 
preparations following cycles of PEG 6000 precipitation. Infectivity 


was retained only after one treatment of the sap with PEG. Attempts to 
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visualise TSA in cells of Olptdiwm and of tobacco were unsuccessful. 

No differences were observed between the life-cycles, 
morphology and ultrastructure of 0, brassicae with and without TSA. 
Zoospores attached to tobacco roots retracted the flagellum by a 'wrap- 
around' method. Callose materials were deposited between the host cell 
wall and plasmamembrane at the site of penetration by the fungal 
cytoplasm. During the first 24 hours after penetration the thallus was 
separated from the host cytoplasm by only a single membrane. Scanning 
EM was used to examine stages in the life-cycle of 0. brassteae. 
Resting sporangia possessed a thick, undulating, multilayered wall 
which had 5 and 6-sided facets. Lipid bodies were numerous at the 
periphery of the cytoplasm of resting sporangia and formed the sculptur- 
ed outline observed after freeze-fracturing. 

Internal and external symptoms of tobacco stunt were associated 
with TSA infection alone. Olptdium brassteae was non-pathogenic in 
tobacco, and no microorganisms were observed in the vascular tissues of 
stunted tobacco. Phloem tissues exhibited hyperplasia. Xylem cells 
had thin walls, were irregularly arranged and contained some gum-like 
material. Chloroplasts in leaf cells were distorted by large starch 
granules, and there was a higher incidence of lomasome-like bodies in 
stunted tobacco than in healthy plants. 

Results from this study suggest that infectious TSA contains 
RNA which may possess a protein coat or be associated with host 
material. Evidence suggesting that TSA is distinct from tobacco 


necrosis virus, yellows disease agents and viroids is discussed, 
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CHAPTER I 


INTRODUCTION 


During the last 2 decades considerable interest has been 
centred on the different types of associations between fungi and 
viruses. One type of association involves the fungus as the vector 
of virus and virus-like agents causing plant diseases. The possibility 
of fungi as vectors was suggested over the past 50 years, when 
attempts were made to inoculate plants with fungus spores or cultures 
originating from virus-infected plants (Bawden and Kassanis, 1947; 
Johnson and Jones, 1943; McKinney et aZ., 1925; Nelson, 1932). 
However, actual demonstration of vector relationships was not achieved 
until after 1960, when the chytrid fungus OZptdtwn brassicae (Wor.) 
Dang. was shown to be the vector of the virus and virus-like agents 
which cause tobacco necrosis (Teakle, 1962), tobacco stunt (Hiruki, 
1965), and lettuce big-vein (Campbell and Grogan, 1963; Campbell et al., 
1961; Tomlinson and Garrett, 1962). 

The fungus transmission of soi]-borne virus and virus-like 
agents is an area of active research because the diseases caused by 
these agents are economically important. Crops affected include 
cucumber, melon, lettuce, potato, tobacco and cereals. Plant 
viruses are biologically unique in having fungi as vectors, and these 
vectors have only been demonstrated in Oomycete fungi. Successful 
transmission by these vectors depends upon specific relationships 


in the complex of host plant, disease agent and fungus vector. 
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The 3 known disease agents transmitted by 0. brassicae may be 
sub-divided on the basis of whether they are carried internally or 
externally by the fungus. Based on this criterion, a concept of 
persistent and non-persistent disease agent-vyector relationships has 
been proposed (Campbe]] and Fry, 1966). Olptdiwn brassicae is the only 
fungus known to be involved in both persistent and non-persistent agent- 
vector associations, and therefore presents an idea] mode] system for 
studying fungus transmission. 

Stunt disease of tobacco is caused by an infectious agent 
which has defied al] attempts at its characterisation Since the disease 
was first recorded in 1943 (Hiruki, 1965). Reports of virus particles 
associated with stunt disease (Hidaka, 1954; Hidaka et aZ., 1956) have 
not been confirmed. In the literature this disease agent is referred 
to as tobacco stunt virus. The virus etiology of this disease has been 
based on (i) the development of virus-like symptoms in infected tobacco 
and transmission of the disease agent by grafting (Hidaka et aZ., 1956), © 
(ii) transmission by sap from diseased plants (Hiruki, 1964), and (iii) 
the production of antiserum from partially purified preparations of 
stunt agent (Hiruki, 1975). Since the infectious agent of tobacco stunt 
disease has not been isolated and visualised, it is still premature to 
cal] it a virus. The cells of host plant and vector have not been 
examined for other incitants of plant diseases e.g. viroids, mycoplasmas, 
rickettsias and bacteria, which can cause pJant diseases with yirus- 
like symptoms. Therefore, in this study, the causa] agent of tobacco 
stunt disease is referred to as ‘tobacco stunt agent’. 

The persistent association of tobacco stunt agent with its 


yector suggests that it is carried internally by different stages of 
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the fungus. Only tn ptyo acquisition of stunt agent by 0. brassicae 
has been demonstrated (Hiruki, 1965). Resting sporangia of the fungus 
retain infectious stunt agent for at least 12 years, and the results 
of chemical and physical treatments applied to these resting sporangia 
indicated that they are capable of transmitting tobacco stunt agent as 
tong as the fungus remains viable (Hiruki, 1972). In contrast to this 
stable association of disease agent and vector, tobacco stunt agent 
appears to be extremely unstable in the tobacco host, and in sap 
extracts (Hidaka and Hiruki, 1958; Hiruki, 1975). 

The non-persistent association of tobacco necrosis virus with 
O. brassteae has been studied extensively (Kassanis and MacFarlane, 
1965; MacFarlane, 1968; Temmink, 1971; Temmink et aZ., 1970). In 
contrast, comparatively little is known about the persistent 
relationships of tobacco stunt and lettuce big-vein disease agents 
with 0. brassteae. The sap transmission of tobacco stunt agent confers 
certain advantages in the use of this disease agent, rather than 
lettuce big-vein agent, for studying a persistent disease agent-fungus 
vector relationship. 

The objectives of this study are as follows: 
1. To demonstrate the transmission of tobacco stunt agent by zoospores 
of 0. brasstcae. 
2. To characterise tobacco stunt agent, 
3. To investigate the morphology and ultrastructure of stages in the 
life-cycle of 0. brasstcae, relevant to its role as vector of tobacco 
stunt agent. 
4. To investigate the histelogical and cytological aberrations 


following infection of tobacco with 0. brassteae and tobacco stunt agent. 
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In the present study, investigations have been made on the 
complex of 3 biological entities involved in stunt disease of tobacco. 
This’ study has been maintained on a broad basis, because a knowledge 
of the inter-relationships between entities as well as a knowledge of 
each entity is required in understanding the complex nature of this 
particular system. A re-examination of stunt disease agent was 
included because it has not been convincingly demonstrated to be 
a virus. Attempts were made to visualise stunt agent in the fungus 
vector and in host plant tissues. A study of the aberrations in 
tissues and cells of stunt infected tobacco was included to determine 
the effects of stunt agent and Olpitditwn infection separately, and to 


locate the tissues where stunt agent might be present. 
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CHAPTER II 
LITERATURE REVIEW 


A. SOIL TRANSMISSION OF PLANT VIRUSES 


The concepts that plant viruses can survive in soils solely 
by adsorption to colloidal particles (Miyamoto, 1959), and that 
infection of plant roots is achieved by semi-mechanical means, have 
largely been outdated by the demonstration of associations between 
soil-borne viruses and biological agents present in the soil. Such 
associations readily explain the survival and persistence of some 
virus and virus-like disease agents in soil. 

_ Mayer in 1886 originally proposed the idea that plant viruses 
may be soil-borne. He suggested that the causal agent of tobacco 
mosaic should be looked for in the soil. Beijerinck (1898) tested 
this theory by growing seedlings in soil which previously contained 
infected plants. These seediings contracted the disease. The subject 
of soil-borne viruses received little attention until 20 years ago, when 
the modes of transmission of some serious virus diseases could not be 
determined. In 1958, Hewitt et al. published the first report of an 
ectoparasitic nematode as the vector of a soil-borne plant virus. This 
was soon followed by claims for vector-like associations between the 


fungus, Olptdium brassteae, and certain virus and virus-like disease 
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agents (Campbell et al., 1961; Hidaka, 1960; Teakle, 1960; Tomlinson 
et al., 1962). | 

Cadman (1963a, 1963b) classified soil-transmitted viruses 
into 2 groups on the basis of whether they survived air-drying of 
the soil. Those surviving the treatment were considered fungus 
transmitted, whereas most of those losing transmissibility were 
considered nematode transmitted. However, this classification was 
not realistic since tobacco necrosis virus was fungus transmitted 
but lost its transmissibility in air-dried soil. Identity of the 
vector and the vector-virus relationship were considered to be 
more suitable for classification of sojl-borne viruses (Grogan and 
Campbell, 1966). The importance of soil transmission of plant viruses 
during the 1960's was reflected by the number of review articles 
written (Cadman, 1963a, 1963b; Harrison, 1960, 1967). This subject 
has now expanded to the extent that specific areas, e.g. fungus 
transmission, have been reviewed separately (Grogan and Campbell, 


1966; Teakle, 1967, 1969, 1972). 


B. FUNGUS TRANSMISSION OF PLANT VIRUSES AND VIRUS-LIKE AGENTS 


The first suggestion that soil fungi may act as vectors of 
viruses was made by McKinney (1930), who was working on transmission of 
soil-borne wheat mosaic. Many unsuccessful attempts to transmit plant 
viruses by fungi were made during the following vears. At least 
18 fungi were tested as vectors using different inoculation methods 
(Teakle, 1969), e.g. inoculation of plants with fungus spores or 


cultures from virus-infected plants; simultaneous application of 


i 


We MOTEL MEAS. AE BH mH ney “Mg of £01 h 2 Rett us shou hail wry © 


i a 
ted 


angel toot poet pees 2p ORE) aap ae STS, o 2 ys i sarlaie abe einen: 
Fee ) Le dette no oe ‘2 PST oben 
by peetematadtT tdp-hect heats Stays CgSP> thle. 21/28 


Hen Die ) ees “Ver r Taher (y Fy } rS4 £0 Ee FP Sat 


" fe 4 ® s o] . eh! i" r 4a ° ‘ ef , fi . “pod Meee 


- } a: : ~ - "9 ~ : : 7 Le Ar : aS Why a4 aw 
<) Der. veppeO? Vherpraqee Meehves ent ah Mister Ree 


Leg es ee eee ae i; 7 2 


SION Qa) BUSTS A ly Wiakts V0 ee a 


po eee 26 SoeKMN FyMUT Prot Tehs walteapeve Ee? aT ; 
| Sas 5 if 


+. : - ~* a 


a As 7% ee 


ae | es “ mids be 


a * 


) “plex Seale ptrems ns enh 


tment od. rascal Ye eesdHi veel 


_ _ ca + 


' sf 
> in ; ee _ c Po 


virus and fungus spore suspensions to leaves; and growing healthy 
and virus-infected plants together in soil inoculated with a fungus. 
In 1958, an association between 0. brassicae and big-vein disease of 
lettuce was demonstrated (Fry, 1958; Grogan et aZ., 1958), but the 
fungus alone was considered to cause the disease. In the following 
years it was shown that lettuce big-vein was caused by a graft- 
transmissible agent, and the association with OZpidtun was claimed 
to be a virus-vector relationship (Campbell, 1962; Campbell e¢ al., 
1961, Campbell and Grogan, 1963; Tomlinson and Garrett, 1962). 
Olptdtum brasstcae was also demonstrated to be the vector of tobacco 
necrosis virus (Teakle, 1962) and tobacco stunt agent (Hiruki, 1965). 
Prior to these reports, claims of possible virus-vector relationships 
between 0. brasstceae and the agents of tobacco necrosis and tobacco 
stunt had already been made (Hidaka, 1960; Hidaka and Tagawa, 1962; 
Teakle, 1960). 

To date, associations have been reported between 6 fungi 
and 9 plant disease agents, 6 of which are known to be viruses 
(Table 1). As a group, fungus transmitted viruses are heterogeneous, 
both in morphology and in properties (Teakle, 1972). The fungus 
vectors are all Oomycetes, and possess similar life-cycles. They 
-all preduce motile zoospores which are the potential virus or disease 
agent vectors. These zoospores are released from thin-walled 
sporangia and from thick-walled resting sporangia. Pythtum ultimun 
is, however, an exception since zoospores are only produced from 
sporangia developed from oospores. The thick walled resting sporangia 
(and oospores) of these fungi explain the persistence of these 


vectors and associated disease agents in soil. Except for potato 
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virus X and pea false leaf rol] agent, the remaining agents Jisted in 
Table | depend upon their fungus yector for spread. Thus the vectors 
are usually present with the diseased plants, 

The different vector relationships have been divided into the 
disease agents which are carried internally and those carried externally 
(Campbell and Fry, 1966). This grouping indicated differences in the 
mode of agent acquisition by the vector, and in the survival of the 
agent in soil. The possibility of multiplication in the vector was 
also considered. Olptdiun brassicae was the only known vector which 
illustrated both types of disease agent associations. An internal or 
persistent association was shown by lettuce big-vein agent. The agent 
was acquired tn vivo by 0. brasstcae during one life-cycle of the fungus 
in big-vein infected lettuce roots (Campbell and Grogan, 1964). The 
resting sporangia of 0. brasstcae, which carried big-vein agent, 
Survived strong acid and base treatments and still continued to transmit 
the infectious agent (Campbell, 1962; Campbell and Fry, 1966). Likewise, 
the infectious agent of tobacco stunt was also shown to have an internal 
and persistent association with 0. brassicae (Hiruki, 1965, 1968, 1972). 

Tobacco necrosis virus is an example of a disease agent which 
has an external or non-persistent association with its fungus vector. 
‘Loospores of O. brasstcae acquire TNV tu vitro, and the virus enters 
the host root at the same time as the vector (Teakle, 1962; Kassanis 
and MacFarlane, 1964; Campbell and Fry, 1966). Zoospores previously 
exposed to virus were prevented from transmitting TNV by treatment with 
concentrated antiserum (Kassanis and MacFarlane, 1964). This result 
suggested that TNV was surface-borne, and the firmness of the 
association was emphasised. More recently, Temmink et aZ. (1970), 


using the electron microscope, observed virus particles attached to 
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washed zoospores after incubating in a TNV preparation. This strengthened 
the hypothesis that TNV was carried externally by 0. brassteae zoospores. 
The non-persistent association of TNV and its vector was demonstrated 

by the treatment of resting sporangia from virus-infected roots with 
strong acid, which resulted itn loss of ability to transmit the virus 
(Campbell and Fry, 1966). | 

Another species of Olptdiun, 0. cucurbtitacearum, has been 
shown to be a virus vector (Dtas, 1970a, 1970b). Cucumber necrosis 
virus was acquired tn vitro, but was not carried internally by resting 
sporangia. This virus-vector relationship was suggested to be similar 
to that of TNV and O. brasstcae. 

Polymyxa gramints (Led.) has been shown to transmit soil-borne 
wheat mosaic virus (WMV) (Brakke et al., 1965; Estes and Brakke, 1966). 
Treatment of zoospores with antiserum, and resting sporangia with 
strong acid or strong base did not remove the ability of the fungus 
to transmit the virus, An internal and persistent virus-vector 
relationsnip for WMV - P. grantnts was suggested (Rao, 1968; Rao 
and Brakke, 1969). 

Transmission of potato virus X (PVX) by Synchytrtun endobtotteun 
(Schilb) Perc. from potato tubers to healthy tubers was reported under 
glasshouse conditions (Nienhaus and Stille, 1965). Acquisition was 
tn vivo, and the virus was suggested to be carried internally by 
the zoospores. 

Potato mop top virus (PMTV) has been shown to be transmitted 
by resting sporangia of Spongospora subterranea (Wallr.) Lagerh. 
(Calvert and Harrison, 1966; Jones and Harrison, 1969). The virus 


was suggested to be carried internally, because viruliferous spore 
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balls retained their ability to transmit PMTV after air-drying. Also, 
infested soils always contained resting sporangia of the fungus. 

Pea false leaf roll has been suggested to be fungus transmitted 
based on the following evidence: (i) healthy seedlings became infected 
in infested soil, (ti) tnfection was prevented by soil sterilisation 
or treatment with fungicides, and (777) pure cultures of Pythium 
ultimum Trow from diseased plant roots induced the disease in healthy 
plants (Thottappilly and Schmutterer, 1968). However, the evidence 
presented was only preliminary, since the possibility that the fungus 
may have induced the disease was not excluded. This disease agent 
was also considered to be transmitted mechanically, by seed, and by 
aphids. 

During the last 15 years a large volume of literature on the 
subject of fungus transmission of plant viruses and virus-like disease 
agents has been published. However, it is probable that still more 
disease agent - fungus vector associations will be demonstrated in 
the future. Oat mosaic virus has been associated with both P. grantnis 
and 0. brassteae, and the soil-borne transmission of tomato bushy 
stunt virus was inhibited by fungicide (Lovisolo, 1966). Also a soil- 
borne virus, possibly involving a fungus vector, was reported for 
wheat spindle streak mosaic (Slykhuis, 1970). The agent of freesia 
leaf necrosis was also reported to be soil-borne (Van Dorst, 1975). 

Olpidiwn brassicae has been used extensively for investigations 
on virus-vector relationships because it transmits disease agents of 
persistent and non-persistent associations. The factors involved 


in the specificity of transmission of disease agents by 0. brassicae 
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have been investigated.. Teakle and Hirukt (1964) determined that host 
specificity for multiplication of 0, brassteae did not determine the 
specificity of the vector to transmit TNV. It was suggested that 
non-vector strains of zoospores were inefficient in acquiring TNV, 
since less virus infectivity was recovered from non-vector strains 
than from vector strains. This result was confirmed by electron 
“microscopic observation of more particles of virus attached to 
zoospores of vector strains than to non-vector strains (Temmink, 

1971; Temmink et aZ., 1970). Introducing the host plant into the 
relationship of disease agent and vector means that further inter- 
relationships have to be considered for successful fungus transmission 
of the disease agent (Temmink, 1971). The host specificities of 

0. brassteae with tobacco stunt agent (Hiruki, 1967), and with tobacco 
necrosis virus (Kassanis and MacFarlane, 1965) have been reported. 
Tobacco stunt and tobacco necrosis both possess wide host ranges. 

In contrast lettuce big-yein is believed to have a narrow host range, 
which may in part be due to the lack of a suitable technique for 


sap transmission. 


C. OLPIDIUM BRASSICAE 


The first description of the chytrid fungus, 0. brasstcae, was 
made by Woronin (1878), and Dangeard (1886) assigned the fungus to 
the genus OZpidtum. On the basis of host specialisation and transmis- 
sion of the lettuce big-vein agent, it was proposed that the cabbage 
and lettuce isolates of 0. brasstcae be reclassified as Pleotrachelus 


brassicae and P. virulentus respectively (Sahtiyanci, 1962; Sahtiyanci 
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et al., 1960), However, it is now generally accepted that the fungus 
belongs to the genus Olpidtwn, and that the different isolates belong 
to the single species, 0. brassteae (Hiruki, 1965; MacFarlane, 1968; 
Teakle and Hiruki, 1964; Temmink, 1971). 

The morphology and life-cycle of 0. brasstcae have been 
investigated extensively with the light microscope (Bensaude, 1923; 
Kole, 1954; Jacobsen, 1943 - cited by Temmink, 1971; Sahtiyanci, 
1962; Sahtiyanci et aZ., 1960; Sampson, 1939; Van der Meer, 1926). 
Garrett and Tomlinson (1967) examined 8 isolates of 0. brassicae 
from lettuce and cabbage roots, and concluded that, although zoospore 
diameter, flagellum length, and pathogenicity were relatively constant 
for each isolate, these tsolates studied should still be considered 
as the same species. The fungus has three stages in its life-cycle 
(Plate 4) i.e. zoospore, zoosporangium and resting sporangium. 
Zoospores are motile and possess a round or pear-shaped body, 3 to 4 
um in diameter, and a single posterior flagellum 13 to 21 um in length. 
The whiplash on the flagellum is 2 um long (Teakle, 1967). The 
variations in dimensions reported were due to the different lettuce 
and cabbage isolates examined. Zoospores of cabbage isolates were 
reported with the body 3 um in diameter and the flagellum 16 to 
17 um in length (Garrett and Tomlinson, 1967; Sampson, 1939), 
whereas those of lettuce jsolates had a body 3 to 4 um in diameter, 
and flagellum up to 21 um in length. 

Zoosporangia and resting sporangia develop in the epidermal 
and cortical cells of plant roots following the successful infection 


of the cells by zoospores. Zoosporangia vary in shape from spherical, 
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9-20 um in diameter, to elongate, 1] to 220 ym in length and 11 to 
45 um in width. Zoosporangia mature in 3 to 4 days, and zoospores 
are released through exit tubes. Sometimes there are more than 1 exit 
tube per zoosporangium. Cabbage isolates of 0. brassicae possess 
long exit tubes, 5 to 70 um in length, whereas those of lettuce 
isolates are only 3 to 4 um in length (Teakle, 1967). 

The shape of resting sporangia varies from round, 9 to 25 um 
in diameter, to ovoid, 17 to 64 um in length and 13 to 19 um in 
width. During the first 2 days after waanten of the host cell by 
a zoospore, the developing resting sporangium resembles a zcosporangium. 
However, after 3 days the characteristic thick undulating wall of a 
resting sporangium is visible. This stage of the fungus is able to 
survive desiccation and other unfavourable environmental conditions. 
Zoospore release from resting sporangia occurs via exit tubes after 
a minimum maturation period of 16 days (Teakle, 1967). Some 
investigators have proposed that resting spore formation represents 
the sexual phase in the life-cycle of 0. brassicae, as based on 
observations of zoospores with more than one flagellum, and on the 
fusion of motile zoospores (Kole, 1954; Sahtiyanci, 1962). Similar 
observations of 'double' zoospores have been made by other workers, 
however, no evidence was obtained for the subsequent development of 
resting sporangia from these zoospores (Garrett and Tomlinson, 1967; 
Temmink and Campbell, 1969a; Tomlinson and Garrett, 1964). 

The ultrastructure of zoospores and zoosporangia of a lettuce 
isolate of 0. brasstcae has been studied in detail (Temmink and 
Campbell, 1968, 1969a, 1969b; Temmink, 1971). The stages of encystment 


and penetration of cabbage roots by a cabbage isolate of 0. brassicae 
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zoospores have also been reported (Lesemann and Fuchs, 1970a, 1970b). 
The zoospore body was pyriform and surrounded by a single membrane 
which was continuous with the membrane around the flagellum. The 
typical 9+2 arrangement of axonemal fibrils within the flagellum 
was observed. The zoospore cytoplasm contained ribosomes, which 
were evenly distributed, and mitochondria located around the single 
nucleus. The axoneme lacked a terminal plate and was in contact with 
the kinetosome. A cross-banded structure, the rhizoplast, approxi- 
mately 0.35 x 1 um, was observed between the kinetosome and the nucleus. 

After attachment to host plant roots, zoospores were observed 
encysted on the roots (Lesemann and Fuchs, 1970a; Temmink, 1971; 
Temmink and Campbell, 1969b). Temmink (1971) concluded that 
retraction of the flagellum occurred before the zoospore body was 
firmly attached to the root surface, because such stages were not 
observed after processing and sectioning for electron microscopy. 
Flagellum retraction was suggested to occur by a reeling-in method 
(Temmink, 1971; Temmink and Campbell, 1969b). The accumulation of 
membranous material inside the encysted zoospore cytoplasm was 
thought to have originated from the flagellum. The location of the 
rhizoplast inside encysted zoospores was also used as evidence for 
the reeling-in of the flagellum. In contrast to this report, 
Lesemann and Fuchs (1970a) suggested that retraction occurred by a 
wrap-around method, Previously Koch (1968) suggested, from light 
microscope observations, that retraction occurred By either the 
reeling-in or the wrap-around method. 

During encystment of the zoospore body on the host root a cyst 


wall was deposited exterior to the body membrane. The axonemal fibrils 
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and rhizoplast, initially observed inside the body cytoplasm, disintegrated 
(Lesemann and Fuchs, 1970a). Vesicles produced by a dictyosome 
aggregated at the site of attachment of the cyst to the host cell wall. 
After 2 hours of encystment, a large vacuole developed in the cyst, 
distal to the site of attachment. This vacuole was suggested to be 
involved in the movement of cyst cytoplasm into the host cell after 
penetration of the host cell wall (Temmink, 1971; Temmink and Campbell, 
1969b). Prior to penetration, a thickening of the host cell wall was 
reported. Material was deposited between the host plasmamembrane 

and host cell wall adjacent to the attached cyst. This deposition of 
material was termed a 'papillum' (Temmink and Campbell, 1969b) and 

a 'callosity' (Lesemann and Fuchs, .1970b). 

Penetration of the thickened host cell wall and plasmamembrane 
occurred after 2 hours of encystment. The cyst cytoplasm was then 
located in the host cell and separated from the host cytoplasm by 
only a single membrane (Lesemann and Fuchs, 1970b; Temmink and 
Campbell, 1969b). During the following 24 hours the fungal thallus 
was limited by only this single membrane. At 36 hours a thallus wall 
was deposited exterior to this membrane (Temmink and Campbell, 1968). 
The thallus cytoplasm contained mitochondria, ribosomes and lipid 
bodies, and was multinucleate. Multivesicular bodies were also 
present, and thought to be inyolyed in the cleayage of the cytoplasm 
into zoospore protoplasts. After 72 hours mature thalli contained 
zoospores which were fully differentiated. Temmink and Campbell (1968) 
suggested that thalli developing into resting sporangia did not become 
multinucleate between 24 and 48 hours after infection. Instead, 


storage material was observed itn these thalli. 
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Some reports consider 0. brassteae to be a pathogen causing 
disorders such as damping-off of crucifers (Woronin, 1878), and 
chlorosis of spinach (Rich, 1959). Van der Meer (1926) showed that 
Rhtzoctonta was probably the cause of damping-off of crucifers. 

In some light microscope studies the possible pathogenicity of 

- Olptdtum was considered (Britton and Rogers, 1963; Rich, 1959; 
Sahtiyanci, 1962; Wolf, 1935). The swollen tips of root hairs 
associated with 0. brasstcae infection was reported by Sahtiyanci 
et al. (1960). However, 0. brassteae is considered by others to be 
a parasite rather than a pathogen (Grogan and Campbell, 1966). 
Roots of lettuce, crucifers and cereals were heavily infected 
with virus-free 0. brasstcae, and the only symptom observed 

was a slight reduction in the vegetative growth of the plants. 
Grogan and Campbell (1966) surmised that a fungus with a host- 
parasite relationship would more likely be a virus vector than a 


fungus which was highly pathogenic. 
D. TOBACCO STUNT 


A severe disease occurring in tobacco seedbeds was first 
described by Nakamura and Tsumagari in 1943 and referred to as 
‘tobacco shrink' (Hiruki, 1965). This disease, now known as tobacco 
stunt, has only so far been reported in Japan. The soil-borne nature 
of the disease agent (TSA) was established (Hidaka et al., 1956; 
Uozumi, 1954), and observations were made on the location of the agent 


in soil fractions, on symptomatology, on varietal differences in 
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disease resistance, on practical control methods, on the relation of 
temperature to symptom expression, and on the heat therapy of diseased 
plants (Hidaka and Hiruki, 1958; Hidaka et aZ., 1956; Uozumi, 1954). 
Tobacco stunt infectivity was not lost by air-drying infested soil 

or by treating infested soil with oxygen and carbon dioxide for 40 
days. From these results it was suggested that TSA did not exist free 
or adsorbed to particles in soil, but was present in the body of a 
resistant vector. This vector was considered to be a fungus, since 
infested soil lost its infectivity after treatment with fungicides, 
but not after treatment with insecticides. A claim of the vector 
relationship of 0. brassicae with TSA was made on the basis of the 
consistent association of the fungus in the roots of stunt-infected 
plants (Hidaka, 1960; Hidaka and Tagawa, 1962). Actual demonstration 
of the transmission of TSA by 0. brassicae was reported by Hiruki 
(1965). 

Attempts have been made to isolate and characterise the 
infectious agent of stunt disease. Hidaka (1954) isolated virus-like 
particles, 25 nm in diameter, but the infectivity obtained was not 
associated with stunt disease. Later, non-infectious virus-like 
particles, 18 nm in diameter, were reported in purified preparations 
obtained from tobacco tissues (Hidaka et al., 1955). The disease 
agent was considered to be a virus on the evidence of disease symptoms, 
graft transmission of the infectious agent, and the isolation of 
virus-like particles. Howeyer, the presence of conventional virus 
particles, in the fungus yector or in the infected host, has not been 
convincingly demonstrated. Virus-like particles, 18 nm in diameter, 


were reported in the cytoplasm of cells in a pellet of ‘viruliferous' 
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O. brassteae zoospores (Soejima and Hidaka, 1969). These particles 
were claimed to be tobacco stunt ‘yirus', however the identity of these 
particles was not established. 

Successful mechanical transmission of TSA was reported by 
Hiruki (1964). The addition of certain chelating agents, in particular 
1-phenylthiosemicarbazide, to the phosphate buffer during sap 
extraction was effective in stabilising TSA infectivity. A local- 
lesion assay host, Chenopodtum anaranttcolor Coste & Reyn., was also 
reported. Leaves of French bean, Phaseolus vulgaris L. var. Pinto, 
were used as a differential indicator host to detect possible 
contamination with tobacco necrosis virus. The development of mech- 
anical transmission of TSA made it possible to investigate further 
the vector relationship between 0. brassicae and TSA. 

The acquisition of TSA by zoospores was shown to be in vivo 
(Hiruki, 1965). Zoospores, free of TSA, acquired TSA from the roots 
of tobacco previously infected by sap inoculation. Transmission of 
TSA by zoospores carrying the agent was prevented by heat and chemical 
treatments which killed the zoospores. Tobacco plants became infected - 
with stunt when grown in stunt-infested soil which had been air-dried 
for 12 years, and when 0. brassicae zoospores or resting sporangia 
were transferred from infected to healthy tobacco. However, direct 
application of TSA in sap to the roots of healthy tobacco did not 
result in infection. From all these results, it was suggested that 
TSA was carried inside 0. brassteae zoospores. The persistent as- 
sociation of TSA with its vector was further demonstrated by the 
treatment of resting sporangia carrying TSA with heat, acid, base, 


UV irradiation, and drying. Infectivity of TSA was obtained from 
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treated resting sporangia as long as the fungus remained viable. This 

Suggested a close and stable association between TSA and its vector, 

but multiplication in the vector may not occur because the fungus was 

freed of TSA by serial transfer on cowpea, Vigna sinensis, and no TSA 

was detected in roots inoculated with Olptdtwm/TSA (Hiruki, 1965, 1967). 
Hiruki (1967) studied the host range of 0. brasstcae and 

TSA and concluded that host specificity to 0. brasstcae,as well as 

to TSA,influenced fungus transmission. Interrelationships between 

host, fungus vector and TSA were suggested to be complex. Zoospores 

of 0. brasstcae transmitted TSA to 35 plant species in 13 families. 

Plants were also tested for susceptibility to sap inoculation with 

TSA. Recently, the host range of mechanically transmitted TSA 

was extended to 41 species in 9 families (Hiruki, 1975). Some 

physical properties of TSA in sap extracts from infected tobacco 

were also reported. Evidence, based on the reaction of host plants, 

serological reaction and cross protection, was presented for the 

distinction between TSA and an isolate of TNV. Preliminary results 

of the effects of certain substances on TSA infectivity in tobacco 

sap indicated that TSA was extremely unstable and contained infectious 


ribonucleic acid (Hiruki et aZ., 1974a). 


E. BIOLOGICAL AGENTS CAUSING PLANT DISEASES WITH VIRUS-LIKE SYMPTOMS 


During the last decade certain plant diseases with virus-like 
symptoms have been demonstrated to be caused by biological agents other 
than conventional viruses. These agents include viroids, Mollicutes- 


like organisms, rickettsias and bacteria. Since the nature of TSA is 
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still unknown, it is releyant to include a brief summary of some of the 


characteristics of these agents in this review of literature. 
1. Viroids 


The term viroid denotes a noyel group of infectious agents 
which exist as free nucleic acids (Diener, 1971, 1972). This group of 
agents is characterised by the absence of conventional particles 
containing a protein component, and by genomes that are very small in 
contrast with those of plant viruses. Several plant diseases are 
Known or have been suggested to be caused by such agents, i.e. potato 
spindle tuber (Diener and Raymer, 1967; Singh and Bagnall, 1968), 
chrysanthemum stunt (Diener and Lawson, 1973; Hollings and Stone, 1973), 
cadang-cadang disease of coconut palms (Randles, 1975), chrysanthemum 
chlorotic mottle disease (Romaine and Horst, 1975), citrus exocortis 
(Semancik and Weathers, 1972), and pale fruit of cucumber (Van Dorst and 
Peters, 1974). These diseases exhibit some virus-like symptoms but have 
not been associated with conventional virus particles. Lawson and 
Hearon (1971) attempted without success to localise virus in thin 
sections of chrysanthemums infected with stunt. 

The viroid associated with potato spindle tuber has been 
investigated the most extensively. Certain characteristics appear to be 
common to most if not to all the known or suggested viroids causing plant 
diseases. Bioassay of these agents usually involves long incubation 
periods on systemic hosts. Transmission has been achieved by sap and by 
grafting. Treatment of crude sap or purified preparations of these 
agents with ribonuclease causes inactivation, whereas DNase has no effect. 


Likewise,treatments with organic solvents and phenol do not reduce 
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infectivity. Highly infectious preparations can be prepared by 
precipitation with ethanol following phenol extraction. High buffer 
molarity enhances infectivity of extracts containing these CCI. and 
partially protects them against the action of RNase. Following high 
speed centrifugation, most infectious material remains in the Super - 
natant, and fractionation by sucrose density gradient centrifugation 
occurs under conditions used for nucleic acids (Diener and Raymer, 1967). 
The majority of infectious potato spindle tuber viroid sediments at 

10S indicating that it is an RNA of very low molecular weight (Diener 
and Raymer, 1969; Raymer and Diener, 1969). The heterogeneous 
sedimentation properties of this viroid are due to its association with 
host nuclei, especially the chromatin. Sedimentation heterogeneity was 
suggested for citrus exocortis (Semancik and Weathers, 1972), 
chrysanthemum stunt (Diener and Lawson, 1973) and chrysanthemum chlorotic 
mottle (Romaine and Horst, 1975). These agents are also thought to be 
associated with host materials, and are remarkably stable, low 


molecular weight RNA's. 
2. Mollicutes-like organisms 


One of the criteria used for identification of a mycoplasma is 
that it be cultured on artificial media. This requirement has not been 
met for suspected mycoplasmas which cause certain plant diseases. It 
was Suggested that these agents should be referred to as Mollicutes- 
like organisms or yellows disease-associated agents until Koch's 
postulates have been fully met (Hayflick and Arai, 1973). 

The first report of a suspected mycoplasma etiology for a plant 


disease was made by Doi et al. in 1967. Based on the observation of. 
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microorganisms in the phloem of yellows diseased plants and the remission 
of symptoms by tetracycline antibiotics and not by penicillin, it was 
proposed that these diseases were caused by mycoplasma- or chlamydia-like 
organisms. Since then more than 50 diseases of the yellows type have 
been reported to be associated with these Ai cneoceaniens (Davis and 
Whitcomb, 1971). A considerable amount of literature on this subject 

has accumulated over the last 8 years, including several review articles 
(Davis and Whitcomb, 1971; Hampton, 1972; Hull, 1971; Maramorosch ez al., 
1970; Whitcomb and Davis, 1970). 

Symptoms of diseases associated with Mollicutes-like organisms 
include vein-clearing of young leaves typical of virus diseases, 
veecernce i.e. greening of petals, and phyllody i.e. conversion of 
petals to leaf-like structures. In some diseases proliferation of 
shoots occurs due to the loss of dormancy of axillary buds. Yellows 
diseases include aster yellows which, at one time thought to be caused 
by a virus, is one of the most widespread diseases of plants. It is not 
yet known whether the causal agent is identical in all the hosts 
reported, which include 300 species of plants in 48 families. Aster 
yellows is considered as a classic representative of yellows-type 
diseases in plants. 

Yellows diseases are characterised by typical external disease 
symptoms, the presence of pleomorphic bodies in phloem cells (Hirumi and 
Maramorosch, 1973), transmission of the disease agents by grafting, and 
by leafhopper vectors, remission of symptoms by high temperatures and the 
remission of symptoms by tetracycline antibiotics (Asuyama and Tida, 1973; 
Ishtie et aZ., 1967). The pleomorphic bodies observed in phloem cells 


include spherical bodies and filamentous forms ranging from 70 to 700 nm 
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in size. Some forms suggest division by binary fission or budding. A 
unit membrane, 7 to 12 nm thick consisting of electron-dense layers 
separated by an electron-lucent layer, surrounds each body. Ribosomes 
are present in the bodies, either scattered or clustered near the cell 
membrane, and strands of DNA are present in the central area. 

The presence of Mollicutes-like organisms in phloem cells is 
accompanied by necrosis of the cells and abnormal deposition of callose 
materials (Dijkstra and Hiruki, 1974; Goszdziewski and Petzold, 1975; 
Hiruki and Dijkstra, 1973; Hiruki et aZ., 1974b; Schneider, 1973). These 
aberrations of the phloem tissues can be detected by fluorescence 
microscopy and used to indicate the presence of mycoplasma-like agents 
in the tissues. Attempts to use negative staining of extracts from 
yellows diseased plants for the identification of presumptive mycoplasma 
agents have been unsuccessful, since it was not possible to distinguish 
the agents from artifacts associated with host materials (Wolanski, 1973). 

The published reports showing an association between Mollicutes- 
like agents and yellows type diseases have ranged from electron 
microscope observations of these agents in infected plants to actual 
claims of mycoplasma isolations, growth on agar and the completion of 
Koch's postulates (Chen and Granados, 1970; Hampton et al., 1969; Nayar 
and Ananthapadmanabha, 1970). However, these reports of cultivation of 
plant pathogenic mycoplasmas have since been shown to be due to 
contamination during culture. Hayflick and Arai (1973), in attempts to 
confirm these claims, were unable to culture mycoplasmas from aster 
yellows-diseased plants and leafhoppers. 

A Mollicutes organism recently assigned to the Mycoplasmatales, 


has been successfully cultured from citrus plants with "stubborn" 
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disease (Abd El-Shafy et aZ., 1972; Bove et al., 1973). Based on helical 
morphology (Cole et al., 1973), rotary motility, bacteriophage infection, 
surface projections on the cytoplasmic membrane, gram-positiyity and 
optimal temperature for growth close to 32°C, this microorganism has 
been assigned to the genus and species Sptroplasma citrt in the order 
Mycoplasmatales. The agent of corn stunt disease is also known to be 
a type of spiroplasma (Davis and Worley, 1973). 

Mollicutes-like organisms have also been associated with 
cultures of fungi (Heath and Unestam, 1974; Hendrix, 1974). It is not 


known whether. these microorganisms are parasitic or symbiotic. 
3. Bacteria and rickettsias 


The possibility of rickettsitas as agents of plant diseases was 
suggested by Davis and Whitcomb (1971). These agents, which are mainly 
parasitic on arthropods, comprise a group of small, pleomorphic, gram- 
negative bacteria. They are larger than mycoplasmas and chlamydiae, 
0.5 to 0.8 by 1.0 to 2.0 um, and thus retained by filters through 
which the others pass. Giannotti et al. (1970) reported rickettsias in 
dodder. Duval (1970) observed them in a myxomycete and found that 
treatment with chloramphenicol, but not with penicillin or tetracycline, 
freed the fungus of the microorganism. 

The first plant disease suggested to be associated with a 
rickettsia-like organism was Pierce's disease of grapevines (Hopkins 
and Mollenhauer, 1973). This report was confirmed and a similar 
association of rickettsia with alfalfa plants affected with dwarf 
disease reported (Goheen et al.,1973). Previously Pierce's disease of 


grapevines was thought to be caused by a virus (Esau, 1948), and later 
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by a mycoplasma based on the suppression of disease symptoms by 
tetracyclines (Hopkins and Mortensen, 1971}. Howeyer this disease is 
now considered to be caused by a rod-shaped gram-positive bacterium 
(Auger et aZ., 1974), which has been isolated from infective leafhoppers, 
cultured on artificial media and which induces the symptoms of Pierce's 
disease when re-inoculated into healthy plants. This organism was 
restricted to the xylem of its host plant and to the tissues of its 
vector. So far it has not been possible to culture it from infected 
plant tissues. 

The presence of rickettsia-like organisms has been reported for 
Sugar cane ratoon stunt (Maramorosch et aZ., 1973; Teakle et aZ., 1973), 
for apple proliferation (Petzold et aZ., 1973), for clover club leaf 
(Windsor and Black, 1973), and for phony peach disease (Goheen et al., 
1973; Nyland et al., 1973}. Microorganisms were detected in the 
vascular tissues of diseased plants and their identity was based on 
morphology, intracellular location, and absence in healthy plants. 
All these agents, except apple proliferation, have known leafhopper 
vectors, and disease symptoms include yellows, typical of mycoplasma 
infections, and dwarfing of plants. None of these agents have been 
successfully cultured from host tissues. The clover club leaf agent 
has been investigated more extensively than the other agents. Unlike 
the other agents, it was located in phloem cells and not in xylem, and 
was smaller in size. It possessed a double membrane, or a membrane 
plus a wall, and the remission of disease symptoms by penicillin 
suggested the presence of muramic acid in this wall, The organisms 
associated with phony peach disease resembled those occurring in 


grapevines infected with Pierce's disease, and may eventually be grouped 
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with this agent. 

Esau (1948) reported a pattern of gum deposits and tyloses in 
the xylem of stems of grapevines inoculated with Pierce's disease 
agent. A similar host response was observed in the xylem of alfalfa 
infected with dwarf disease agent. Gum was also reported in xylem cells 
in peach tree roots affected with phony disease (French, 1974), and 
vascular discolourations were observed in ratoon stunted sugar cane below 
the apical region of shoots (Maramorosch et al., 1973). 
| Chlamydiae have not yet been observed in plant tissues, but 
their presence in cicadellids suggests that they may eventually be 
located in plants (Davis and Whitcomb, 1971). These organisms are 
spherical, 200 to 1000 nm in diameter with a plasmamembrane and an outer 


wall containing muramic acid, similar to the wall of bacteria. 
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CHAPTER III 


MATERIALS AND GENERAL METHODS 


A. CULTURE OF OLPIDIUM BRASSICAE ISOLATES 


The 2 isolates of 0. brassicae (Wor.) Dang. used in this study 
were originally obtained from a single isolate from tobacco infected 
with tobacco stunt agent (hereafter referred to as TSA). One of the 
isolates (hereafter referred to as Olpidiwm) was freed of TSA by 
culturing on the roots of cowpea, Vigna sinensis (Hiruki, 1965). This 
isolate, and the isolate carrying TSA (hereafter referred to as 
Olpidium/TSA), had both been maintained as resting sporangia in dried 
powdered roots for 5 years. 

The Olptdium and Olptdtum/TSA isolates were cultured on roots 
of tobacco seedlings grown in sterilised quartz sand, inoculated with 
the above dried root powders containing resting sporangia, and 
watered with a half-strength Hoagland's nutrient solution (Hoagland 
and Arnon, 1950). Seedlings were either grown in microincubators 
(Hiruki, 1969) (Plate }, B & C), or in clay pots inside plastic 
containers (Plate 1, A) when larger populations of the fungus were 
required. Plants were maintained in growth chambers at 17°C with 16 


hours light period and 5,000 - 10,000 tux light intensity. 


B. PREPARATION OF ZOOSPORE SUSPENSIONS 


Light microscopy of Olpidiwm and Olpidtum/TSA infected tobacco 
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roots permitted selection of roots containing abundant mature 
zoosporangia. Roots 2 to 3 weeks after inoculation with resting 
sporangia were usually suitable. These roots were washed free of sand 
in cold running water, and were then incubated in water at room 
temperature for 10 minutes to permit zoospore release. The resulting 
zoospore suspension was passed through Whatman No. 1 filter paper to 
remove any remaining sand particles and plant debris. The 
concentration of the suspension was estimated in units of zoospores/ml 
using a hemocytometer. When high concentrations of zoospores were 
required the suspension was centrifuged at 3,500g for 10 minutes 
(Sorval] RCB-2, SS 34 rotor) at 4°C, and the zoospore pellet 


resuspended in a small volume of distilled water. 


C. CULTURE OF TOBACCO PLANTS 


In this study, Nicotiana tabacum L. ‘Bright Yellow' (hereafter 
referred to as tobacco) was used as the host plant because it is highly 
susceptible to both Olptdium and TSA. The fine, translucent roots of 
tobacco seedlings grown in sand culture permit light microscope 
observations on Olptdium in live roots. 

Tobacco seed was germinated at 25°C on a 1:1 mixture of 
vermiculite and autoclaved 3:2:1 soil mix (3 parts loam: 2 parts peat: 
1 part sand, hereafter referred to as soil mix). Seedlings 
approximately 2 weeks old were transplanted into sterilised plastic 
trays (ultraviolet irradiation for 2 hours) containing the same 
vermiculite / soil mix. Transplanted seedlings were then grown in a 


greenhouse maintained at 20° + 2°C with ]4 hours light period. During 
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the summer months the g]ass was coated with a shading compound to keep 
the light intensity below 15,000 lux, Two weeks after transplanting 

and at subsequent intervals of 2 weeks a high nitrogen, water soluble 
fertiliser (28-14-14, Plant Products Co. Ltd., Bramalea, Ontario) was 


applied to the plants. 


D. INOCULATION OF TOBACCO SEEDLINGS WITH OZPIDIUM AND OLPIDIUM/TSA 


A dip inoculation method (Hiruki, 1967) was used for the 
inoculation of tobacco roots with OZpidiwn zoospores. The roots of 
tobacco seedlings, approximately 2 weeks old, were washed free of soil 
and then incubated in zoospore suspensions containing at least 10° 
zoospores/ml. After one hour of incubation these roots were washed in 


water and the seedlings transplanted into vermiculite/soil mix in 


sterilised plastic trays. 


E, INOCULATION OF TOBACCO WITH SAP CONTAINING TSA 


Tobacco plants grown as outlined above were selected at the 2 
or 3 leaves stage for inoculation with tobacco sap containing TSA. 
This sap was obtained by homogenising tobacco leaves, showing symptoms 
of stunt infection, with 0.01M NajHPO,-KHAPO, buffer pH 7.0 containing 
0.001M 4-phenylthiosemicarbazide (4-PTC) (hereafter referred to as 
phosphate/PTC buffer) in a pre-cooled mortar kept on ice. The ratio 
of 1g of tissue to 2ml of buffer was used. Tobacco leayes were lightly 
dusted with Carborundum (600 mesh) and the sap inoculum applied with 


Q-tips. 
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F. BIOASSAY OF TSA INFECTIVITY 


The local lesion host Chenopodtun anaranticolor Coste & Reyn. 
was used for the bioassay of TSA infectivity. Chenopodtwm seeds were 
washed in cold running water for 2 hours, and germinated at 25°C on 
moist filter paper for 3 days. Seeds at the same stage of germination 
were then transferred to autoclaved 3:2:1 soil mix in plastic trays, 
and grown in a greenhouse at 22°C z 2°C, 16 hours light period and 
15,000 - 20,000 lux light intensity. After approximately 2 weeks these 
seedlings were planted individually in autoclaved 12 cm clay pots 
containing soil mix, and grown under the same conditions until they 
had developed 4 to 6 leaves. Plants with 4 fully developed leaves 
were selected for TSA infectivity assay. The inoculum was prepared 
from tobacco leaves as outlined in the previous section, E. The 
leaves of C. amaranticolor were dusted with Carborundum and the TSA 
inoculum applied with Q-tips using sufficient pressure to wet the 
whole leaf surface with the inoculum. Inoculated plants were 
incubated in a greenhouse at 18°C + 2°C. Local lesions (Plate 2, E) 
developed on inoculated leaves in 6 or 7 days. Lesion counts were 


made 14 days after inoculation. 


G. BIOASSAY OF TOBACCO NECROSIS VIRUS AS CONTAMINANT 


Tobacco necrosis virus (TNV) is transmitted by OZptdiwn, and 
also produces local lesions on C. amaranttcolor Jeayes (Plate 2, F). 
These lesions appear 3 to 4 days after sap inoculation. Leaves of Red 
Kidney bean, Phaseolus vulgaris L., were used to check for TNV 


contamination. This host plant is highly susceptible to TNV but 
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resistant to TSA, and thus can serve as an efficient differential 
indicator plant (Hiruki, 1967). Seeds were planted in University of 
California mixture (Baker, 1957) in clay pots and grown at 25°C. 
Seedlings, 12 to 20 days old, with 2 seed leaves were selected. 
Carborundum was dusted on the leaf Surface and the inoculum applied 
with Q-tips. Inoculated plants were incubated at 18° + 2°C, and the 
development of necrotic lesions in 3 days indicated the presence of 


TNV in the inoculum. 


H. PREPARATION OF TISSUES FOR TRANSMISSION ELECTRON MICROSCOPY (TEM) 


The following fixation, embedding and sectioning schedule was 
used for all tissues in this study unless stated otherwise in the text. 
Large pieces of tissues were cut into smaller pieces, approximately 
2-3mm square. 

a. Prefixed overnight at 4°C in 0.1M phosphate buffer pH 7.0 
containing 2% glutaraldehyde and 2% formaldehyde. 

b. Washed for 30 minutes in buffer, and then in distilled water. 
c. Postfixed for 3 to 4 hours at room temperature in 2% aqueous 
osmium tetroxide. 

d. Washed twice in water, 15 minutes for each wash. 

e. Dehydrated through an ethanol series, 30 minutes in each of the 
following grades: 30, 50, 70, 80, 90, 95 and 100% - two changes in 
each of 95 and 1002. 

f.. Transferred tissues into propylene oxide, two changes of 15 
minutes each. 


g. Transferred tissues into 1:] mixture of propylene oxide and an 
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Araldite mixture (27 parts Araldite : 23 parts dodecyl succinic 
anhydride, plus 2% DMP-30), and left them at room temperature for 36 
hours. | 

h. Transferred tissues into rubber moulds and added the Araldite 
mixture. Left the embedded tissues at room temperature for 12 hours 
before incubating in an oven at 60°C for 36 hours to polymerise the 
Araldite mixture. 

Sections were cut on a Reichert ultramicrotome using a 
diamond knife, and collected on formvar coated grids. Sections were 
stained in 2% aqueous urany! acetate for 2 hours and post-stained in 
0.2% aqueous lead citrate pH 13 (Venable and Coggleshall, 1965) for 4 
minutes. Examinations were made with a Philips EM 200 at 60 kv. For 
calibration of the electron micrographs latex particles (109 nm 


diaineter) were used. 


IT. SCANNING ELECTRON MICROSCOPY 


Materials were fixed and dried according to the methods 
Outlined in the text. Dried specimens were fixed to stubs using low 
resistance contact cement (Fullam Inc., New York, U.S.A.) and coated 
with 50A of carbon and 504 of gold in an Edwards Vacuum Evaporator. 
Coated specimens were examined with a Cambridge Stereoscan S4 


operating at 20 kv and 15-30° tilt. 


J. LIGHT AND FLUORESCENCE MICROSCOPY 


Tissues were prepared according to the methods outlined in the 


text. Prepared specimens were examined with a Leitz Ortholux I 
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microscope, and observations were recorded on Kodak Plus X and Tri X 
film using a Leitz automatic camera. 

For fluorescence microscopy live or fixed tissues were mounted 
on slides in a 0.01% solution of aniline blue fluorochrome in 1/15 M 
dibasic potassium phosphate pH 8.0. Observations were made with the 
Leitz Ortholux I microscope, fitted with a lamphousing 250 containing 
a 200W ultra-high pressure mercury lamp. The following combination of 
filters was used to give the maximum transmission in the wavelength 
range 350-370 nm: UV filter, 2mm UG]; UV + blue filter, 3mm BG3; red- 
Suppression filter, 4mm BG38; and eyepiece barrier filter, K430. 
Under these conditions callose substances stained with aniline blue 
fluorochrome fiuoresced a strong yellow-green colour (Eschrich and 


Currier, 1964). 
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CHAPTER IV 


TRANSMISSION OF TOBACCO STUNT AGENT BY OZPIDIUM ZOOSPORES 


A. INTRODUCTION 


Since Olptdtum zoospores are only able to acquire TSA tn vtvo, 
the association between TSA and stages of its vector is thought to be 
internal (Hiruki, 1965). Knowledge of the acquisition method is 
important in the examination of different stages in the life-cycle 
of Olptdtum for visualisation of TSA. For the present study the 
mode of acquisition required confirmation, therefore experiments 
were set up to test whether acquisition occurs zn vivo and/or 
tn vttro. For subsequent experiments involving Olptdium transmission 
of TSA, it was necessary to determine the approximate concentration 
Of Olptdtum/TSA zoospores required for successful infection of tobacco 
with TSA. This would also provide an indication of whether al] 
zoospores of OlZpidiwn/TSA carry TSA. Hidaka et al. (1956) reported 
that symptom development of stunt occurred in tobacco plants grown 
in seedbeds before they were transplanted into the field, Large 
healthy plants transplanted into infested soil did not develop stunt 
symptoms. In the present study the effect of host plant age on 


transmission of TSA by Olpidiwm/TSA zoospores was also investigated. 


B. ZN VIVO ACQUISITION AND TRANSMISSION OF TSA BY OLPIDIUM 


1. Materials and methods 
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a) Olptdiun inoculation of TSA infected tobacco. 

Seventy-two tobacco seedlings were grown in sand culture 
in 12 plastic trays at 18°+ 2°C. Half of these plants were inoculated 
with tobacco sap containing TSA when they were at the two leaves 
stage. The infectivity of TSA in this sap was assayed on leaves of 
Chenopodtum amaranttcolor (Chapter III). After incubating for 
11 days, symptoms of stunt were observed on the inoculated tobacco, 
7.e. local chlorotic spots on the inoculated leaves and systemic 
vein-clearing on developing leaves. Half of these plants (18 plants 
in 3 trays) and half of the healthy controls were inoculated with 
a suspension of OZptdtum zoospores (approximately 10° zoospores/ml ) 
(Chapter III), by pipetting 5 ml of this suspension around the stem 
of each plant. Plants in the four treatment groups, i.e. (1) tobacco- 
TSA-Olpidtum, (2) tobacco-TSA, (3) tobacco-OZpidiwn, (4) tobacco, 
were incubated for a further 1] days. The roots were then washed 
free of sand and observed with the light microscope for Olptdium 
infection, prior to incubating in 50 ml of distilled water to permit 
zoospore release. Twenty-five healthy tobacco seedlings (15 days 
old) were dip inoculated in each of the root extracts from the four 
treatments. These seedlings were transplanted into soil mix and 
grown for 3 weeks to observe any development of stunt symptoms. 
Leaf samples were taken from these plants and assayed for infectivity 


on leaves of C. anaranticolor and Red Kidney bean. 
b) TSA inoculation of OZptdtum infected tobacco. 


The same experimental procedure was used as in a), except 


for the sequence of inoculations. Tobacco seedlings were inoculated 
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with Olptdtum, and then after 5 days of incubation the leaves of 

half of these plants, and half of the controls, were inoculated 

with tobacco sap containing TSA. Infectivity of this sap inoculum 
was assayed on C. amaranttcolor. Plants in the four treatment groups, 
t.e. (1) tobacco-OZptdtwn-TSA, (2) tobacco-Olpidium, (3) tobacco-TSA, 
and (4) tobacco, were incubated for 22 days to ensure development of 
systemic symptoms of stunt. Zoospore suspensions were prepared from 
the roots and used for dip inoculation of healthy tobacco seedlings. 
These seedlings were checked for stunt symptoms after a further 3 
weeks, and assayed for infectivity on C. amaranttcolor and Red 


Kidney bean. 
2. Results 


In both experimental procedures stunt transmission occurred 
only in the treatments involving both TSA and Olptdtum inoculations. 
The initia] inocula of tobacco sap containing TSA were found to be 
infective on C. amaranticolor. Likewise infectivity was only 
obtained from the treatments involving both TSA and Olptdtum. No 
infectivity was obtained on leaves of Red Kidney bean. No stunt 
symptoms or TSA infectivity were observed with the three treatments 
which acted as controls. 

Preliminary experiments on the TSA inoculation of Olptdium 
infected tobacco showed that it was necessary to inoculate the 
plants with sap within a week following the root inoculation with 
Olpidium. Also, incubation for a further 3 weeks was necessary 


in order to obtain consistent transmission of TSA. 
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C. IN VITRO ACQUISITION OF TSA BY OZPIDIUM ZOOSPORES 
1. Materials and methods 


Tobacco sap containing TSA was prepared by homogenising 

_ leaf tissue showing stunt symptoms in 0.01 M phosphate buffer pH 7.0, 
using a pre-cooled mortar and pestle. Buffer was added in the ratio 
of 5 ml buffer to 1 g leaf tissue. The homogenised tissues were 
squeezed through 4 layers of cheesecloth and the resulting sap, 

a 1:10 dilution, was kept on ice. More buffer was added 

to half of this sap to give a 1:20 dilution. 

A suspension of Olptdium zoospores (10° zoospores/ml) was 
prepared as outlined in Chapter III. Five ml aliquots of this 
Suspension were mixed with equal volumes of the 1:10 and 1:20 
dilutions of sap. This gave preparations of zoospores (5 x 10°/m1) 
respectively in 1:20 and 1:40 dilutions of sap. These preparations 
were assayed for infectivity on leaves of C. anaranticolor and Red 
Kidney Bean. After incubating for 5 minutes at room temperature, 
these preparations were each used for the dip inoculation of 25, 

2 weeks old, healthy tobacco seedlings. As a contro! treatment, 
tobacco seedlings were dip inoculated in 5 ml of the initial Olptdiwn 
zoospore suspension to which an equal volume of 0.01 M phosphate 

buffer had been added. All inoculated seedlings were transplanted 

into soil mix, and grown at 18° + 2°C for 3 weeks to permit observation 
of the development of any stunt symptoms. After this incubation 

period the roots of plants from the treatments and control were 
examined for OZpidium infection. Leaf disc samples (40 per treatment) 


were taken randomly from each treatment group of tobacco, and assayed 
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for infectivity on C. anaranticolor and Red Kidney bean (Chapter III). 
2. Results 


The preparations of sap plus zoospores produced lesions on 
C. amaranttcolor, but not on Red Kidney bean. The total lesion counts 
from 8 leaves of C. anaranticolor were as follows: 

1:20 dilution of sap, plus zoospores - 217 lesions 

1:40 dilution of sap, plus zoospores - 22 lesions 
Olptdtum Aiseecion was observed in the roots of tobacco plants from 
the treatment and control inoculations. No symptoms of TSA infection 
developed on any tobacco plants. Also, no infectivity was obtained 
from the leaf disc samples taken from the treatment and control 
inoculations of tobacco. Therefore, zoospores did not transmit TSA 
after contact with infectious TSA in vitro. 

In preliminary experiments, zoospores lost their motility 
when the phosphate buffer concentration was above 0.0] M. Also 
the addition of 4-PTC (used to stabilise TSA infectivity) to the 
buffer resulted in the permanent loss of zoospore motility upon 
adding the sap to the zoospore suspension. The dilution of sap 
added to the zoospore suspension also influenced motility. Final 
sap dilutions lower than 1:20 resulted in loss of zoospore motility, 


and subsequently no Olptdium infection in the tobacco roots. 


D. DETERMINATION OF OLPIDIUM/TSA ZOOSPORE CONCENTRATION FOR 
TRANSMISSION OF TSA 


Ae Materials and method 


A concentrated suspension of Olpidtwm/TSA zoospores was 
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prepared (Chapter III), and diluted to give 25 ml of each of the 
following zoospore concentrations: 4 x 10°, 4 x 10°, 4 x 10°, aa 10°, 
4x 10°, 40, and 4 zoospores/ml. Groups of 25, 2 weeks old, tobacco 
seedlings:were dip inoculated with these different concentrations 
of zoospore suspensions. Inoculated seedlings were transplanted 
into soi] mix and grown for 3 weeks at 1g°+ 2°C to observe the 
development of stunt symptoms. At the end of this incubation period 
the roots were examined for Olptdiwm infection. 

This experiment was repeated using zoospore concentrations 


of 10°, 10°, 8 X 10°, 4x 107, te 9 10°, 10°, 50, and 10 zoospores/ml. 
2. Results 
The results from these experiments are shown in Table 2. 


TABLE 2. Effect of Olptdiwn/TSA zoospore concentration on 


transmission of tobacco stunt agent 


Concentration of zoospores/ml TSA infection* Olptdium infection 
4 x 10° 25 + 
4x 104 2S = 
4x 10, 25 + 
4 x 10; 25 7 
4x 10 9 “7 
40 0 + 
4 0 - 
1 x 105 25 + 
i) 10, 25 + 
8 Xx 10, 22 a 
4x 10, 11 + 
21% 10, 9 - 
(hee 0 n 
50 0 F 


*Number of tobacco plants showing stunt symptoms out of 25 plants 
inoculated. 
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A concentration of 200 to 400 Olpidtum/TSA zoospores/m] 
was required for transmission of TSA. Infection by Olpidiwn occurred 


at concentrations which did not give symptoms of stunt infection. 


E. EFFECT OF AGE OF TOBACCO PLANTS ON TRANSMISSION OF TSA BY 
OLPIDIUM/TSA ZOOSPORES 


1. Materials and methods 


Tobacco seeds were sown on vermiculite/soil mix in small 
plastic trays at intervals of 4 days up to 48 days from the first 
sowing, and the plants grown in the greenhouse at 18° + 2°C. A 
suspension of Olptdtum/TSA zoospores, approximately 107 zoospores/ml, 
was prepared as outlined in Chapter III. Each tray, ranging 
from 0 to 48 days after seeding, was then inoculated with 
Olptdtum/TSA zoospores by pipetting 20 ml of the above zoospore 
suspension onto the soil. The plants were grown for a further 35 
days to permit the development of any symptoms of TSA infection. 

At the end of this incubation period, symptoms of TSA infection 
were recorded. Also the roots were examined for Olpidium infection, 


and samples of leaf discs were taken from each treatment for 


infectivity assay on C. amnaranticolor and Red Kidney bean (Chapter III). 


2. Results 


The infection of tobacco plants of different ages by Olptdiwm 
and TSA, following inoculation of the roots with zoospores of 
Olptdium/TSA, is shown in Table 3. Tobacco plants, from 4 to 48 


days old at the time of tnoculation, became infected with Olptdtum/TSA. 
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However, stunt symptoms were only obseryed in plants 4 to 32 days old 

at the time of inoculation; and TSA infectivity was recovered from 

plants 4 to 28 days old when inoculated. 

TABLE 3. Effect of tobacco plant age on infection by Olpidtum and 
tobacco stunt agent 

Age of tobacco Root Foliage 


when inoculated infection by symptoms of TSA 
(days) Olptdtum/TSA TSA infection infectivity 
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F. DISCUSSION 


Olptdtum zoospores transmitted TSA after contact tn vtvo but 
not in vitro. These results confirm previous reports (Hiruki, 1965, 
1968). However, experiments on tn vitro acquisition should be 
repeated when highly purified, infectious preparations of TSA are 
available. The use of such preparations would eliminate any 
possible influence of host components, present in crude sap, which 
may interfere with the acquisition of TSA by OlZptdiwn zoospores. 
The absence of tn vitro acquisition is further evidence that TSA 
is distinct from tobacco necrosis virus (TNV). OZptdtwn zoospores 


readily acquire TNV tn vitro from partially purified TNV preparations 
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(Teakle, 1962). This mode of acquisition must be extremely sensitive, 
Since lower concentrations of TNV can be detected by OZptdiumn 
acquisition in vitro, and subsequent transmission to an assay host, 
than by infectivity assay directly on leaves of the local lesion 

host, Phaseolus vulgaris L. (Fry and Campbell, 1966). 

The results of experiments on the effect of zoospore 
concentration on TSA transmission suggest that only a partial population 
of Olpidéium/TSA zoospores is capable of transmitting TSA. Olpidiwn 
infection in the roots of plants not showing stunt symptoms indicates 
that there is a low titre of TSA present, or that not all Olpidium 
zoospores carry TSA. A similar report was made for a mass culture 
of Olptdium carrying the lettuce big-vein agent (Lin et aZ., 1970), 
which is also carried internally by its vector. Using single 
sporangium isolates, they demonstrated that the agent is not uniformly 
distributed among Olptdtwn thalli, even though the culture had been 
maintained on big-vein infected lettuce. The possible heterogeneity 
of Olptdium in its association with TSA must be considered when 
attempts are made to visualise the agent in Hirrerent stages of the 
fungus. 

The minimum zoospore concentration for TSA transmission was 
in the range of 200 to 400 zoospores/ml. Hidaka and Tagawa (1965) 
previously reported a minimum concentration of 800 zoospores/ml for 
TSA transmission, This yartation in results may be due to the 
influence of such factors as environmental conditions on transmission, 
or to differences between tsolates of Olptdtwn/TSA in their capacity to 
transmit TSA. In contrast to the minimum concentration of zoospores 


required for TNV transmission (Fry and Campbell], 1966), the 
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concentration required for TSA transmission is considerably higher. 
This may be due to the different modes of acquisition and disease 
agent-vector relationships. 

The age of tobacco plants when inoculated with zoospores of 
Olptdtum/TSA, affected the incidence of TSA infection. Plants up to 
48 days old were infected by the fungus, but only those plants up to 
32 days old developed symptoms of TSA infection. This suggests that 
tobacco plants, which were 4 to 5 weeks old, had developed resistance 
to TSA infection and multiplication. Hidaka et al. (1956) also 
concluded that tobacco plants less than 30 days old, when grown in 


infested soil, were susceptible to stunt, and that plants older than 


30 days, when transplanted in infested soil, appeared to be resistant. 


The results of these experiments on TSA transmission by 
zoospores suggest that [SA is only acquired tn vtvo by Olptdium 
zoospores, and that not all zoospores within a population carry the 
agent. Likewise, successful transmission is also influenced by the 


age of the host plant. 
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CHAPTER V 


CHARACTERISATION OF TOBACCO STUNT AGENT 


A. INTRODUCTION 


The agent causing tobacco stunt disease was originally termed a 
virus on the evidence of graft transmission, symptoms of a virus 
disease in the infected host, and isolation of virus-like particles 
from infected tobacco (Hidaka et qaZ., 1956). The virus-like 
particles isolated were, however, non-infectious. Since that time 
transmission of TSA by mechanical inoculation with infectious sap 
(Hiruki, 1964), and by the fungus vector 0. brassicae (Hiruki, 1965), 
have been demonstrated. No convincing evidence has been reported 
to establish the identity of this disease agent, but in the 
literature it is still accepted as a virus. 

In the present study attempts nave been made to isolate, 
characterise and visualise the infectious agent of tobacco stunt. 

The effects of certain factors on TSA infectivity in tobacco sap 
extracts were investigated to determine the optimal conditions for 
bioassay. Antibiotics and nucleases were added to the extraction 
buffer to provide an indication of the nature of the infectious 

agent. Likewise infected plants were treated with certain antibiotics 
to observe any remission of disease symptoms. This is known to occur 
with yellow diseases caused by Mollicutes-like organisms. The 


physical properties of TSA in tobacco sap were determined to provide 
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an indication of the stability of the agent for attempts at isolation 


of the infectious agent. 


B. EFFECTS OF CERTAIN FACTORS ON THE EXPRESSION OF STUNT SYMPTOMS 
IN TOBACCO 


1. Materials and methods 


a) Effects of temperature 
Twenty-one days old tobacco seedlings grown in vermiculite/soil 

mix at 25°C were dip inoculated with suspensions of Olptdiwm and 
Olpidium/TSA zoospores (Chapter III). Inoculated plants and healthy 
controls were transplanted ato vermiculite/soil mix in smali 
plastic trays (6 plants per tray), and grown at 25°C for 7 days to 
overcome any transplanting 'shock'. Each tray was given a number 
according to the inoculation treatment, i.e. 

trays 1 to 9: tobacco-Olptdiwn/TSA 

trays 10 to 18: tobacco-Olptdium 

ChayS 9 etO02/ ce LODACCO 
The plants were incubated in growth chambers, with 5,000-10,000 lux 
light intensity, for 14 days at different temperatures (Table 4). After 
this period, 30 leaf disc samples (approx. 1g) from the plants in each 
tray were bioassayed for TSA infectivity on Chenopodtum amaranttcolor 
and on Red Kidney bean to monitor any TNV contamination 
(Chapter III). The tobacco plants were incubated for a further 
14 days after transferring some of the trays to different temperatures 
(Table 4). Leaf samples were also harvested at the end of this 


incubation period and bioassayed for TSA infectivity. The development 
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of stunt symptoms and lesions on C. amaranticolor were recorded. 


TABLE 4. Incubation temperatures for trays containing healthy, 


Olptdtum-inoculated and Olptdtwn/TSA-inoculated tobacco 


Period of Incubation temperature 
incubation 
days) HACE 25R€ 3320 
O14 Ky 2S 4 5 6 7 8 9 
Ome Tie le T39e1 4ere)5 16 281/218 
Toe) 20 5er 21 22meec ser 20 25mm 2600e2/ 
Lome co A SAS 8 4 2 9 7 3 6 
LO 4 eee 17, hp ks WE a MS 
19mee2 sec 2 ay ai 25 ec eee 


Numbers in the table indicate individual tray numbers 


* = Plants developed symptoms of stunt and lesions developed on 
C. amaranticolor 


b) Effects of antibiotics 

(i) Tobacco seedlings were grown from seed in vermiculite/soil mix 

at 25°C for 10 days and then at 18°+ 2°C for 10 days. The roots were 
washed free of soil and then dip inoculated for 1 hour with suspensions 
Of Olptdiwn and Olptdium/TSA zoospores. After inoculation the roots 
were washed, and the seedlings incubated in a half strength Hoagland's 
solution for 4 days. The roots were examined for infection by the 
fungus, and then 10 seedlings from each treatment, i.e. healthy, 
Olpidtwn-inoculated, and Olptdtwm/TSA inoculated, were incubated in 
the following antibiotic solutions for 24 hours: 10, 100 & 1000 ppm 
tetracycline; 1000, 10000 & 100000 I.U. penicillin; 10, 100 & 1000 ppm 
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chloramphenicol. Distilled water was used as a control. After 
treatment with antibiotics the seedlings were transplanted into 
Peemaculite oi mix and grown at 18°+ 2°C for 6 weeks. The develop- 
ment of any symptoms of stunt infection was recorded. 

(ii) Ten days old tobacco seedlings were dip-inoculated for 1 hour in 
suspensions of Olptdtwn and Olptdtum/TSA zoospores. These inoculated 
seedlings and healthy controls were transplanted into vermiculite/soil 
mix and grown for 25 days to permit the development of any symptoms 

of stunt infection. At the end of this period, soil was washed from 
the roots of plants in each treatment, and 10 seedlings incubated for 
24 hours in solutions of the same antibiotics as in section (i). 

After treatment with antibiotics, the seedlings were transplanted 

and grown as in section (i). The development of any symptoms of stunt 


infection was recorded. 
2. Results 


a) Effects of temperature 

Only tobacco. plants inoculated with OlZptdiwm/TSA zoospores and 
grown at 17°C developed symptoms of stunt during the first incubation 
period of 14 days. Infectivity of TSA was obtained from these plants 
(Table 4). No lesions developed on Red Kidney bean leaves. Low 
temperature had an effect on the growth of both Olptdtwn-inoculated 
and healthy control plants. These plants were smaller in size and 
the leaves were lighter in colour in contrast with plants grown at 25° 
and 33°C. During the second incubation period of 14 days only plants 
in tray numbers 1 and 5 had symptoms of stunt, and associated TSA 


infectivity. Tray No. 1 had been maintained for 28 days at 17°C, 
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whereas tray No. 5 was transferred from 25°C to 17°C after the first 
incubation period. Symptoms were masked at 25°C, but developed when 
the plants were incubated at 17°C. The plants grown at 33°C, when 
put at 17°C, did not develop any stunt symptoms and no infectivity was 
obtained from these plants (Plate 1, D & E). 


b) Effects of antibiotics 

The development of stunt symptoms in tobacco was not suppressed 
by treatments including 10 to 1,000 ppm tetracycline, 10 to 1,000 ppm 
chloramphenicol, and 1,000 to 100,000 I.U. penicillin. The highest 
concentration of each antibiotic used caused phytotoxicity to different 
extents in the treated plants. The time of application of the anti- 
biotics did not have any effect on the development of stunt symptoms 


in tobacco inoculated with Olptdtum/TSA. 


C. EFFECTS OF CERTAIN FACTORS ON THE BIOASSAY OF TSA IN TOBACCO SAP 
1. Materials and methods 


a) Buffer pH 

One leaf disc was taken from each of 30 tobacco leaves showing 
systemic necrosis 14 days following sap inoculation of the plants with 
TSA. Each sample of 30 leaf discs (approximately 1 g) was homogenized 
in a precooled mortar and pestle with 2 ml of phosphate/PTC buffer. 
The buffer pH was varied in the range of pH 5.0 to 8.5 for different 
leaf disc samples. Each sap inoculum was assayed for TSA infectivity 
on 8 half leaves of C. amaranticolor dusted with 600 mesh Carborundum. 
The inoculated leaves were rinsed with water after inoculation and 


the plants were incubated at 18°+ 2°C. Lesion counts were made after 
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14 days of incubation. 

In this experiment and subsequent bioassays for TSA infectivity 
precautions were taken to exclude variation in the susceptibility of 
different leaves and plants of C. amaranticolor to TSA infection. 
Plants with 4 leaves were selected at a uniform stage of development, 
and each inoculum was applied to the 4 leaf positions on different 
plants. When comparing only two inocula, these inocula were applied 
to the two halves of the same leaves. When bioassaying for TSA 
infectivity, inoculations were also made on leaves of Red Kidney bean 


for an indication of any TNV as contaminant. 


b) Buffer molarity 

Samples of 30 leaf discs, as in section a), were homogenised 
with 2 ml of 0.001 M 4-PTC prepared in different molar concentrations 
of phosphate buffer pH 7.0 ranging from 0.001 M to 0.5 M. The 
different inocula were bioassayed for TSA infectivity on leaves of 


C. amaranttcolor. 


c) Incubation temperature 

Two g of tobacco leaves, showing systemic necrosis 14 days 
after sap inoculation with TSA, were homogenised with 18 ml of 
phosphate/PTC buffer, and the resulting sap extract kept on ice. 
This inoculum was used to inoculate four leaves on each of 16 
C. amaranticolor plants. Following inoculation 4 plants were 
incubated at each of the following temperatures: 17°, 21°, 25° and 


33°C. Lesion counts were made from 4 to 16 days after inoculation. 


2. Results 
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a) Buffer pH 

The lesion counts obtained from 2 experiments on the effect 
of buffer pH on TSA infectivity in tobacco sap are listed in Table 5 
(Appendix). These results have also been plotted on a graph (Figure 1). 
The highest infectivity was obtained with buffer in the range of pH 
6.5 to 7.5. In contrast, buffer at pH 5.0 reduced the level of TSA 


infectivity recovered from tobacco sap. 


b) Buffer molarity 

Buffer of high molarity decreased the infectivity of TSA in 
tobacco sap. The optimal molarity was 0.01 (Figure 2). Buffers with 
molarity higher than 0.05 reduced the TSA infectivity considerably. 
Inocula prepared with phosphate buffer or with distilled water, both 
without 4-PTC, contained much less infectivity than those prepared 
with 0.01 M phosphate /PIC. The lesion counts obtained from 2 


experiments are listed in Tables 6 & 7 (Appendix). 


c) Incubation temperature 

The effect of incubation temperature on the development of 
local lesions on C. amaranticolor leaves following sap inoculation 
with TSA is shown in Figure 3. At 21° and 25°C the lesions appeared 
first after 5 days of incubation (day 5), whereas at 17°C only 
a few lesions had appeared by day 6. The highest number of lesions 
was produced at 17° and 21°C. This number was reached by day 12 at 
21°C, but not until day 16 at 17°C. At 25°C lesion development had 
reached its maximum by day 14, but the lesion count was only 
approximately half of the highest counts at 17° and 21°C. No lesions 


developed at 33°C. The lesion counts obtained from plants incubated 
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Local lesions / half leaf 


Effect of buffer pH on tobacco stunt agent infectivity 
in tobacco sap bioassayed on Chenopodium amaranticolor 
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Effect of buffer molarity on tobacco stunt agent infectivity 
in tobacco sap bioassayed on Chenopodium amaranttcolor 
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at 17°, 21° and 25°C are listed on Tables 8, 9 & 10 (Appendix). 


D. INCREMENT CURVE OF TSA INFECTIVITY FROM TOBACCO AS DETERMINED BY 
BIOASSAY 


1. Materials and methods 


a) Increment curve obtained from tobacco inoculated with Olptdiwm/TSA 
The roots of 21 days old tobacco seedlings grown in vermiculite/ 
soil mix were washed free of soil and then dip inoculated with a 
Suspension of Olptdium/TSA zoospores for 1 hour (Chapter III). The 
inoculated seedlings were transplanted into vermiculite/soil mix and 
grown at 18°+ 2°C for 6 weeks. Samples of 30 leaf discs (approximately 
1g) were taken at intervals of 2 days from 10 to 36 days after 
inoculation of the roots with zoospores, and bioassayed for TSA 
infectivity. The leaf samples were homogenised with 2 ml phosphate/ 
PTC buffer, and assayed on 8 leaves of C. amaranticolor, Lesion 


counts were made after incubating for 14 days. 


b) Increment curve obtained from tobacco inoculated with sap 
containing TSA 

Healthy tobacco seedlings were grown for one month in 
vermiculite/soil mix in small plastic trays (Chapter III). The leaves 
were dusted with Carborundum and inoculated with a sap sample obtained 
from infected tobacco plants. The inoculum was prepared by homogenising 
4 g tobacco leaves, showing systemic necrosis 16 days after sap 
inoculation with TSA, with 20 ml phosphate / PIC buffer. Inoculated 


plants were grown at 18°+ 2°C, and samples of 30 leaf discs 
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(approximately 1g) were harvested from inoculated leaves and from 
non-inoculated leaves at intervals of 2 days from 4 to 24 days after 
inoculation. These leaf samples were bioassayed for TSA infectivity 
as outlined in a). The inocula were applied to half leaves of 


C. amaranttcolor. Lesion counts were made after incubation for 14 days. 
2. Results 


a) Increment curve obtained from tobacco inoculated with Olptdtum/TSA 
Infectivity of TSA in tobacco leaves was first detected 14 
days after inoculation of the roots with zoospores (Figure 4). 
Symptoms of stunt were observed on the tobacco plants at 20 days after 
. tnoculation, and the highest infectivity was obtained at day 22. At 
day 30 symptoms of stunt were well] developed but the infectivity was 
ow. No lesions developed on Red Kidney bean. In both experiments 
the highest infectivity was obtained at the beginning of stunt symptom 
development on tobacco. As the symptoms became more severe, the 
infectivity dropped. The lesion counts obtained are listed in 


Table 11 (Appendix). 


b) Increment curve obtained from tobaceo inoculated with TSA in sap 
Infectivity of TSA was recovered from inoculated tobacco leaves 4 
days after inoculation. The highest infectivity was obtained 12 to 14 
days after inoculation (Figure 5). Symptoms first appeared on the 
imocu lated leaves at day 6, and by day 14 the necrosis was severe. After 
day 14 there was a decrease in TSA infectivity. Infectivity was obtained 
from non-inoculated leaves after 10 to 12 days after inoculation of the 
plants. Symptoms first developed on these leaves on days 12 to 14. The 


highest infectivity was obtained on days 16 to 18. Stunting of plants 


| Sas Sina! SpkGist’ elt Spite ih ora 
sa4te ee eb SS CHR Watt eved 750 ue veyoont 2 vedas! hess fue 
Ho uptasd HT Wit gates!) mem giles Tah gaat 4 
| ) goveel Wiad oo bol lage saw a : HT (a nt nati 
rigged $96. shan sta" *7 3 pad voor baavamnams a 
itugaa <8 " 
- s 
bag a hipe seo!) aint oanrasds ove 7 weston (5 
i yay mee aan ar het wo vi telt ae we 7 
(amt Az hse. >aeey ble 70 feds wadat 1836, 2ynh a 
beg sVseio ova itede Te emRaIng ; 
ir Ae es oe saw Very saan Day fd ty" a1 Pie eva? Sh Tyooat a 
fy) 0 w 2AUPS-.%o ‘che OF ugh 7 
Reet, LOR IO Spit iweb a ee 
‘awe diode 76 BatwaPood ain he bes luatic cone deems odd 
a 
mOSGes at of Copia pe lie abl | 
ir vas 7 iregUo 23nuaS ayrt és ttt Degree ne 7 
. arsnaqany ta fet 


ar 
WAS ipiw Datel woot om cager mavd atid inal atts 3 
sHacby i oe bl a’ BeV09S teow AaT *e vie 
aii S tat ode tive giv > sot tasdated “sa? face 


lsu 


” 
ERA te iis 7 


ear: aii 4 . he. om 


57 


UOLZE[NIOUL UazZse SALG 


cf O€ 82 92 te cd 02 8L 


099eq0} 0} UOLSSLWSUeIY WN2p72d710 HULMO| 0} OZ002ZUDADUD 
untpodouayg uo paXesseolq AZLALZOAJUL YUaHe YUNIS O99eqGoq JO SaAUND YuaWaudUT 


“py JundI4 


OS 


OOL 


CS1 


| 002 


0S2 


fea, / SUOLSA| [2907 


i 


no hevaezecid viivizostnt? Irons Jnclz 9354403 Ye sei al ab 


essiio? of notszimennt? ‘weebaqi grease 


—o 
- 


ist icc _ 


co 
“Ww 


UOLZEENDOUL Yaz4e SAeQ 


Ge 02 8 oi! vl ok OL 8 
. ec ee e rye a a 


B 
LJ 
WRU ASAS = 17 WoO 
DOFELNOOUL = TT Ommo 
DLwWeySAS - J] _@» 
PIZeLNIOUL - f[ Gu ——w 


od9eq0}Z JO UOLZeR{[NDOUL des HULMO|L|O} LOZOoO7ZUDITDUD 
untpodouay) uo pakesseolg AZLALZOSjJUL JUahe yuNySs Od99eqG01 JO SaAUND JUsWaUdUT 


a 


10s 
HO0L 
JOsL 
J o02 


5052 


Junot 


seayt / SuOoLsa|, [e907 


occurred after day 20. The recovery of TSA infectivity from systemically 
infected leaves was possible 6 days after the first detection of TSA in 
inoculated leaves. Highest infectivity in all leaves was obtained 

prior to symptoms of necrosis and stunting becoming severe. Lesion 


counts obtained are listed in Tables 12 & 13 (Appendix). 


E. EFFECTS OF CERTAIN ADDITIVES ON TSA INFECTIVITY IN TOBACCO SAP 
1. Materials and methods 


a) Anti-oxidants 

Two leaves of tobacco showing symptoms of systemic necrosis were 
harvested 16 days after sap inoculation of the plants with TSA. These 
leaves were cut into half exactly down the mid-veins. Two half leaves, 
one from each leaf, were homogenised with phosphate/PTC buffer as a 
control, and TSA infectivity was bioassayed on one half of leaves of 
C. amaranticolor. The other 2 half leaves of infected tobacco were 
homogenised with phosphate/PTC buffer containing 1% sodium sulphite, 
and inoculated to the remaining half of the C. amaranticolor leaves. 
The same procedure was repeated for testing the effect of 1% ascorbic 
acid added to the phosphate/PTC buffer. Lesion counts were made 


after incubating for 14 days. 


b) Antibiotics 

The same procedure as outlined in a) was used for the preparation 
and bioassay of racetile to determine the effect of adding antibiotics 
to the phosphate/4-PTC buffer. The following solutions were tested: 
phosphate/PTC + 1,000 ppm tetracycline, phosphate/PTC + 1,000 ppm 
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chloramphenicol, and phosphate/PTC +10,000 I.U. penicillin. The sap 
extracts were incubated at 20°C for 10 minutes prior to the bioassay 


for TSA infectivity. 


c) Nucleases and protease 

The same procedure was used for the preparation and bioassay of 
inocula as outlined in a). The following nuclease and protease 
solutions were tested: phosphate/PTC + 5 ug ribonuclease (RNase) per ml, 


phosphate/PTC + 100 ug deoxyribonuclease (DNase) per ml, and phosphate/ 


PTC + protease at concentrations of 500 yg, 1,000 ug and 2,000 ug per ml. 


The effect of RNase concentration on TSA infectivity in tobacco 
sap was also determined. Eight g of tobacco leaves showing systemic 
necrosis, 16 days after sap inoculation of plants with TSA, were 
homogenised with 8 ml 0.02 M phosphate pH 7.0 + 0.001 M 4-PTC. 
Salutionspot 0:02580-2,52 and 20 ug RNase/ml were prepared in distilled 
water. Equal volumes of the sap extract in phosphate/PTC buffer and 
| the RNase preparations were mixed together and incubated at 20°C for 10 
minutes. Thus the final concentrations of RNase obtained were 0.01, 
0.1, 1 and 10 pg/ml. After incubation, these different preparations of 
sap plus RNase were bioassayed for TSA infectivity on C. amaranticolor. 
A control inoculum consisting of sap in phosphate/PTC buffer mixed with 
an equal volume of distilled water was also bioassayed. 

The effect of RNase on TSA infectivity in tobacco sap over a 
period of incubation at 20°C was determined. Tobacco sap extracted 
in 0.02 M phosphate/PTC buffer was prepared as above, and samples 
were mixed with equal volumes of RNase in distilled water to give 
final concentrations of 0.001 and 0.01 wg RNase/ml. A control 


inoculum was prepared by adding an equal volume of water to the sap 


60 


es att ol Stag, pit Pung ae TA sdtrg nase TMT sy 


enassnia Gb horde aR Sure POS te “peikneecon) 0 santa 
gtwrsoatiat Aet. wor 7 


Ps oe ht a 
tcp at iqyey be. Tae re a ext te Te SN) Ge ant 7 
. 


as twa tit wo Fort. gat fe ares sila fe SPUSORE: 7 
wt» MPA\otedoredd. seat Oe pars utge : 
eS faunedtocenet pe OOh © OTe 
LOG. Facet GOR Fas 806S5 WARS ONSS FF sgospag FFs 
AD Fo faa Te SAT , 
eUEST B35 STO! FO. PHOT hyideetad pale thw Gaz - 
m v" ay . setdehusend dhe vette ape? gabeotae | 
S40, feign qiehezenet HM wh Mew, bectaspena: , 
cow Tabseult ow O8 tne 2 S28 (30,00 to Pere heeee 
elaeomic A tye gpze cd, Ver eeley Tele eR - 
..t5.5eyaeeor? Sra sadtoooer Nextiqosiy ahaa eRe ll 
vasingde Scent Yo grehier Ingo o PReey anid 2aft a, vos nie. 7 
om: pena ed AvoSed eth. cede). aabeeehsal- 4Se¥R Sia OT rRaRe ita! : 
tbhisiepaes +A et Laat Aa Ants beget soon aaa Hg a | ‘oa 
iw boxy. ? ie ee Bganktiqc Ny ee ‘@ pit shaded oe 4 : 
sesne sat oath. few! "item bt rt bl 


acta nee by gl Acy st axend. % & tits 


i ne pe aes 


" ; 
1, ae 


61 


extract in phosphate/PTC buffer. These inocula were bioassayed for 
TSA infectivity after incubating at 20°C for 0, 10, 20, 30, 40 and 60 


minutes. 


d) Nuclease inhibitors 

Crude bentonite was purified as outlined for use in virus 
nucleoprotein extraction (Dunn and Hitchborn, 1965) and in nucleic 
acid extraction (Fraenkel-Conrat et al., 1961). The former procedure 
involved suspending the final bentonite pellet in phosphate buffer 
containing magnesium sulphate, This sample is hereafter referred to 
as Mg-bentonite in order to distinguish it from the sample obtained 
from the second procedure. The effects of Mg-bentonite and bentonite 
on TSA infectivity were tested using the procedure outlined in a). 
The following concentrations were used: 2.5, 5.0 and 12.0 mg Mg- 
bentonite per ml, and 3.0, 8.0 and 16.0 mg bentonite per ml. 

The effect of different concentrations of yeast RNA on TSA 
brnrecrivity in tobacco sap was investigated. Fifteen g of tobacco 
leaves showing early systemic symptoms, 16 days after sap inoculation 
of the plants with TSA, were homogenised with 15 ml 0.02 M phosphate/ 
PTC buffer pH 7.0. Samples of this sap extract were mixed with equal 
volumes of yeast RNA prepared at the following concentrations in 
distilled water: 0.2, 2, 10, 20 and 200 mg/ml. After mixing the 
preparations contained yeast RNA at 0.1, 1, 5, 10 and 100 mg/ml. 
These preparations were incubated for 1 hour at 20°C and then 
bioassayed for TSA infectivity on leaves of C. amaranticolor. 


a+ on TSA infectivity in 


The effects of yeast RNA and Mg 
tobacco sap over a period of incubation for 1 hour at 20°C were 


determined. Ten g of tobacco leaves showing early systemic symptoms 
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were homogenised with 10 ml of 0.02 M phosphate/ PTC buffer. Samples of 
this extract were mixed with equal volumes of yeast RNA and magnesium 
chloride in distilled water to give final concentrations of 5 mg yeast 
RNA per ml and 0.01 M Mgot These mixtures were bioassayed for TSA 


infectivity after incubating for 0, 10, 20, 30 and 60 minutes at 20°C. 
2. Results 


a) Anti-oxidants 

Addition of 1% sodium sulphite and 1% ascorbic acid caused a 
reduction in TSA infectivity (Figure 6). Buffer containing ascorbic 
acid was pH 4.5, whereas the buffer plus sodium sulphite was pH 7.5. 
The latter had less adverse effect on TSA infectivity in tobacco sap. 


Lesion counts are listed in Table 14 (Appendix). 


b) Antibiotics 

Chloramphenicol and penicillin at the concentrations tested 
had no significant effect on TSA infectivity in tobacco sap (Figure 6). 
However, the addition of tetracycline caused a reduction in TSA 
infectivity significant at the 5% level. The lesion counts are listed 


in Table 14 (Appendix). 


c) Nucleases and protease 

There was no effect of DNase at a concentration of 100 ug/ml on 
TSA infectivity in tobacco sap. However, infectivity was completely 
inactivated by 5 ug/ml RNase (Figure 7). Protease at a concentration 
of 500 ug/ml reduced infectivity by approximately 50%. Concentrations 
of 1,000 and 2,000 ug/ml were almost completely effective in removing 


infectivity. Lesion counts are listed in Table 15 (Appendix). 


i | Rey 


$9 | aie ) | | ie 7 


i 5 ; ee 
Acmed yo tte OTD? Vepeiigtarie Maes De 1 OF wate aha pee 
voit Purge -one TOE FRM Ry alate Moka HO naonm aeree P ‘ 


ornketraagas innt} avheee ‘wt ia Wenhiaee ia a 
sent 2 OE fe oo 7 


— 
setae 2D ok 6608 GETS sot ahi een ae certnantat Pa 


pt met ‘ bal iy sf “* ° 
wrtneon * 7 


\ = 


R +t AT pmoets As 
et ' 
; aie Ba note ebha, | . 
nhs ’ c i ‘0 At a) RTE Kit eatht ae? oF peer 


ie pon ah Pet iS A ~~ fri4 P a att mfe.) 2eenatw is : f Hg: > ow byroa A 
Hopled ah APP eee fot ne oe Beaevbe what DW eldsl eat i 
Aneng!) ML ofdat ot cated] ete ethane 


aattabitt toi ATT 


os anit 


Yeet guors re OS ahs Ser % Lhe fee AG osiiesigmeolita : . 7 


mt 


so 


ise G2980a> Ah NITVilgemn f2t ne Vogt eS whe ot tingote on cone 


— HA 


Ae} set aaiet oui 4 bezeiao sit [2eo8NG Ya. STP HOR. BAF pret _ 
- te 
hats¥] ait eines notes! stT Jfega), 44 oat! ii soho Ree 2 eine ra it at 


ee 


7 c; ’ 


s2nodeend. wt | hs A t 
nal hy ‘Rotpangnaane. 6 6% cis +b cud ve * * tel hi _ 


ohintess Baek eh 


63 


——d 
se 
fas) 
nn 
(2) 
jo) 
s 
ey 
re 
oO 
bel) 
(@) 
ate 
(a 


auLloAoeuzal wdd oooL 


wdd 9001 
azLydins wnipos 2%] 


jooLusydueuo yy 
ULL LLOLUad 
Sila CO0R0 f 


Jid-p WLOO'O + O'Z Hd azeydsoud WLO'O = LO4zUOD 


Lozoo1quvanuo untpodouseyg uo pakesseoltq des 099eq0} 
UL AVLALQO@JUL JUaHe JUNZS O99eGOZ UO SDLZOLGLZUe puke SJURPLXO-LZUe JO S}98443 


"9 3uNdIS 


OOL 


seat gpey / SuOLSa| [e507 


a 
é! 


> 


- 
smo fl ple Sn A an TG he aly 
3 t i bee re . 
5 Ok sera) ral | 
v, ule vet) 
| yoo ‘beat 
q F : es 
4 hee ae - a ia Poe “Reg Rt tem eles. . 
. enignd) 
7) 
‘ 
_ oe ee ee eee 
ie iw i —_“enroameans Tes a 
; ¥ 
a m/e 4 
’ ; j % et! j sk 
’ ew Oy’ + i.” 2 
- Bey ae Tt 
> 7 / J esa te t ‘4 
7 oar Orden tn. Oo ew stetwe "ey ete lbh ne chime | iY 
5 ’ : 
. $ 
7) ~ he. N 
4 ro a owe 6 be be etree i =) 5 
‘ 
i toe ee ee | 2. a 
‘ 
° ’ oy “ 
i ‘ \ 
2 
. r0 a te ee Caborne biti: 7 
bas t ‘ie A be 
> j 
5 5 
ae a oY Oe - ater + mn ae 7 
, * 
Pe — Ae nage 7 


+ Se emeacg eater; ee a ee ery es 


eit poma.se 


“HOLM e-bil 


4 


ebpsee by. \ GS O 


= ~ 
ww POS 


pacseey net 


t 


* 
* 
_ s 


eis ae 
a GIN GUTIPYOLICe OU. sopscco zEKE IWeuz 


SetaMt 


= 


ds 


OW 


64 


aseny OG 


[w/aseezoug Bt 900Z 


[w/aseazoud 6" 0001 
[w/aseszoug 61 gos 


[0u.uU0) 


[ OUZU0) 
[ 0U2U0) 
Lw/esenq 5x oOL 
| 0UZ.U09 


Jld-y WLOO'O + O°Z Hd ayeudsoud Wloro = Lodquog 


3 LO] 001 UDADUID umapodouey) uo padesseoiq des 
099eq0} UL AZLALZOAJUL JUaHe UNS 099eq0} UO aSea}OUd pue aSeNG ‘aSeNY 40 $799J43 


= 
ee) 


yea] ypey / suoisa| (2907 


=) 
N 
pee 


09 L 


“ZL AUNDIS 


$@ 


’ te a S 
, , : - % 
ee , 
} 
' a 
‘ 
= x) 1 LUO pee aes] 
‘ r : 

e 


ey 
él 
; 
. 
4 v 
eo 
t= we 


CME DALE Sy A AE ey Ryde 8 ee 


Cnoad, 4 apt Tete a a PRM) ae 


CMT] 


ol | 
.. * 
. os " i; — Aly, 
a » os —e 7 eames 
*- 
ens) 2) 
é b oo 2 —_ ae Ee ee et ee 
¢ =| 
2 2 
] - » 
oor “a (bO CET MU 
| - + * Ve" 
§ 
» Ce —— ee EE Ee ee aS 
os ” . 
a fe _ re. a —— «2 itp epee 
ye el Se i Ae 


 teugley = Oly besebpste by TO + 0 o0ip Gilt 


sige Qureemiy 


Mee 


POE 


a 


/ 


fs 


ssa avers 


= 
=r 


i 
, vt 7 
4 ; A 
" = 


5 


ar oF 


Ribonuclease at concentrations higher than 0,1 ug/ml completely 
inactivated TSA infectivity in the sap preparations (Figure 8). At 
a concentration of 0.0001 ug RNase/ml, infectivity of sap extracts was 
the same as for control preparations. Lesion counts are listed in 
Table 16 (Appendix). 

The kinetics of RNase action at concentrations of 0.001 and 0.01 
ug/ml on TSA infectivity in tobacco sap is illustrated in Figure 9. 
Infectivity in the control preparations decreased considerably over the 
total incubation period of 1 hour. However, a greater loss of infectivity 
during the first 10 minutes of incubation was evident in the presence 
of added RNase. Even during the time to make the inoculations at 0 
minutes incubation, the infectivity of the sap extracts containing 
RNase was reduced by approximately 50% in contrast with the controls. 
However, after 10 minutes of incubation the infectivity in extracts 
containing RNase did not decrease so rapidly. The difference between 
_ the infectivity of treatment and control extracts after 60 minutes of 
incubation was less evident. Lesion counts are listed in Table 17 


(Appendix). 


d) Nuclease inhibitors 

Mg-bentonite at concentrations of 2.5 and 5.0 mg/ml had no 
effect on TSA infectivity. However, at 12 mg/ml TSA infectivity was 
completely inactivated (Figure 10). Bentonite at 3 mg/ml reduced 
infectivity by approximately 50%. At 8 mg/ml or higher concentrations, 
infectivity was extremely low or completely inactivated. Lesion counts 
are listed in Table 18 (Appendix). 

The addition of yeast RNA at concentrations of 5 and 10 mg/ml 


gave the highest TSA infectivity in tobacco sap incubated for | hour 
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FIGURE 8. 


Loca] lesions / leaf 


Effect of RNase concentration on tobacco stunt agent 
infectivity in tobacco sap bioassayed on Chenopodium 
amaranttcotor 
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FIGURE 9. Kinetics of RNase treatment on tobacco stunt agent infectivity 
in tobacco sap bioassayed on Chenopodium amaranttcolor 
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at 20°C (Figure 11). Lesion counts are listed in Table 19 (Appendix). 
Yeast RNA at the concentration of 5 mg/ml partly stabilised 
TSA infectivity in tobacco sap. This effect occurred even during the 
time taken to make the inoculations at 0 minutes incubation time. 
Inactivation occurred during the 1 hour of incubation, but a higher 
level of infectivity was obtained from the preparation including yeast 


2+ 3t 0.01 M 


RNA than from the control (Figure 12). Addition of Mg 
did not stabilise TSA infectivity. Over the total incubation 
period of 1 hour, inactivation occurred at the same rate in both 


2 


Mg * treated preparations and in the control (Figure 12). Lesion 


counts are listed in Table 20 (Appendix). 


F. PHYSICAL PROPERTIES OF TSA IN TOBACCO SAP 
1. Materials and methods 


a) Dilution end point 

Five g of tobacco leaves showing early systemic symptoms, 16 
days following sap inoculation with TSA, were homogenised with 5 ml 
phosphate/PTC buffer, and the sap squeezed through cheesecloth. 
This sap was considered as a 1:1 dilution. The sap was kept on ice 
and further diluted with buffer to make 1:5, 1:10, 1:50 and 1:100 
dilutions. These preparations were bioassayed for TSA infectivity 


on leaves of C. anarantticolor. 


b) Longevity 
An extract of tobacco sap containing TSA was prepared by 
homogenising 10 g of leaves, showing early systemic symptoms, with 


10 ml phosphate/PTC buffer pH 7.0. Another extract was prepared using 
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FIGURE 11. 


Local lesions / leaf 


Effect of the addition of yeast RNA on tobacco stunt 
agent infectivity in tobacco sap bioassayed on 
Chenopodtum amaranticolor 
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FIGURE 12. Effect of yeast RNA and Mgot an tobacco stunt agent 
infectivity in tobacco sap incubated at 20°C and 
bioassayed on Chenopodium amaranticolor 
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i 
Phosphate/PTC buffer containing 10 mg yeast RNA per ml. Samples 
of these extracts were incubated at 4° and 20°C, and bioassayed for 
TSA infectivity after known time tntervals of incubation. Inoculations 
were made on half leaves of C. amaranttcolor. The samples of the same 
sap extract incubated at 4° and 20°C were inoculated to the two halves 


of the same leaves. 


c) Thermal inactivation point 

Tobacco sap containing TSA was prepared by homogenising 20 g 
leaves, showing systemic necrosis, with 20 ml phosphate/PTC buffer 
pH 7.0 containing 10 mg yeast RNA/ml. After squeezing through cheese- 
cloth, this sap extract was kept on ice. Two ml samples of this sap, 
in 8 mm diameter tubes, were placed in a water bath at various tempera- 
tures ranging from 20° to 50°C at 5° intervals. The sap was maintained 
at the required temperature for 10 minutes, then cooled to 4°C in an 
ice bath and bioassayed for TSA infectivity on half leaves of 
C. amarantteolor. The remaining half of each leaf was inoculated with 
the sap extract which had been maintained at 4°C without any heat 
treatment. In this way it was possible to compensate for loss of 
TSA infectivity during the time taken to carry out the series of heat 


treatments. 
2. Results 


a) Dilution end point 
The dilution end point of TSA infectivity in tobacco sap was 
found to be between 1:50 and 1:100 (Figure 13). Lesion counts are 


listed in Table 21 (Appendix). 
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Dilution end point of tobacco stunt agent infectivity 
in tobacco sap bioassayed on Chenopodium amaranticolor 
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b) Longevity 

The longevity of TSA infectivity in tobacco sap extracts with 
or without added yeast RNA was only 2 to 3 hours at 20°C. At 4°C, 
infectivity was recovered from extracts containing yeast RNA after 
incubating for 36 hours. However, in the absence of yeast RNA, 
infectivity was only recovered during the first 24 hours of incubation 
(Figure 14). Extracts with or without yeast RNA contained very low 
infectivity when incubated for more than 8 hours at 4°C. Lesion 


counts are listed in Tables 22 and 23 (Appendix). 


c) Thermal inactivation point 

Incubation of tobacco sap at 35°C or higher temperatures for 
10 minutes completely inactivated TSA infectivity. At 30°C, more 
than 50% of TSA infectivity was lost. The lesion counts are listed in 


Table 24 (Appendix). 


G. ISOLATION OF TSA 
1. Materials and methods 


a) Extraction of nucleoproteins 

Attempts were made to isolate infectious nucleoprotein fractions 
from tobacco and tomato leaves showing early systemic symptoms of stunt 
infection. Tomato plants, showing systemic symptoms of vein-clearing 
and yellowing of young leaves following sap inoculation with TSA 
(Hiruki, 1975), were used as an alternate source of TSA because 
infection of the tissues occurs without necrosis. Nucleoprotein 
extractions were carried out at 4°C using differential centrifugation 


and polyethylene glycol (PEG) precipitation (Hebert, 1963; McSharry 
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and Benzinger, 1970). 
(i) Differential centrifugation 

Sap from infected tobacco and tomato leaves was extracted 
with phosphate buffer pH 7.0, at molarities ranging from 0.01 to 
0.5 M, containing 0.001 4-PTC. Tissues were homogenised in a Waring 
blender for 2 minutes using 2 ml buffer: 1 g leaf tissue. In some 
experiments 1% ascorbic acid, 1% sodium sulphite or 1% mercaptoethanol 
were added to the extraction buffer. The tissue homogenate was 
squeezed through double cheesecloth and bioassayed for TSA infectivity 
on leaves of C. amaranttcolor (Chapter III). This expressed crude sap 
was centrifuged at 13,000 g for 15 minutes (Sorvall RCB-2, rotor 
SS 34) to remove host material, and the supernatant centrifuged at 
105,000 g for 90 minutes (Spinco L-4, rotor 30). Pellets were 
resuspended in 1 to 2 ml 0.01 M phosphate buffer pH 7.0, and submitted 
to further cycles of differential centrifugation until the final 
preparations were relatively free of host material. In some 


a was added to the buffer used for resuspending 


experiments 0.001 M Mg 
pellets. All pellets and supernatants were bioassayed for TSA 
infectivity on C. amaranticolor. Final preparations were negatively 
stained with 2% phosphotungstate pH 7.0 for EM examination, 

Samples of crude sap extracts were also treated with chloroform, 
n-butanol or ethanol to aid removal of host material during differential 
centrifugation. Emulsions of sap plus 2 volumes of organic solvents 
were centrifuged at 6,500 g for 5 minutes, and the organic layer 
containing host material was discarded. The supernatants were 


centrifuged at 81,000 g for 30 minutes, and the resulting pellets 


resuspended in 1 ml 0.01 M phosphate buffer. These samples were also 
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bioassayed for infectivity and negatively stained for EM examination, 
Ultraviolet absorption spectra were recorded for preparations freed 
of host materials using a Hitachi Perkin-Elmer 139 UV Spectrophotometer. 
(ii) Polyethylene glycol precipitation 

Infected tobacco and tomato leaves, showing early systemic 
symptoms, were homogenised with 0.1 M phosphate pH 7.0 containing 
0.001 M 4-PTC at a ratio of 2 ml buffer: 1 g tissue. The homogenate 
was squeezed through cheesecloth and the expressed sap centrifuged 
at 10,000 g for 10 minutes. This sap extract and subsequent 
preparations at different stages of extraction were bioassayed for 
TSA infectivity on C. amaranttcolor. After removal of some host 
material by low speed centrifugation, PEG 6000 was added to the 
supernatant at the rate of 6g/100 ml, and stirred for 15 minutes. 
This mixture was centrifuged at 5,000 g for 10 minutes and the pellet 
resuspended in 3 ml 0.01 M phosphate pH 7.0. In preliminary experi- 
ments this preparation of TSA was subjected to low speed centrifugation 
and then precipitated again using PEG. Preparations obtained after 
one treatment with PEG contained TSA infectivity. Samples of 0.5 ml 
were layered onto 10 to 40% linear sucrose density gradients prepared 
in 0.01 M phosphate buffer in 3" x 1" tubes (30 ml capacity). The 
gradients were centrifuged at 64,000 g for 2 hours (Spinco L-4, 
rotor SW 25.1), and then fractionated using an Isco Model D Density 
Gradient Fractionator equipped with a Model UA-2 UV Analyser for 
recording absorbance at 254 nm. Two ml fractions were collected in 
separate tubes, and each fraction was bioassayed for TSA infectivity 
on C. anaranticolor. 


In a further experiment the fractions containing infectious TSA 
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were combined, diluted with 4 volumes of 0.01 M phosphate buffer, and 
then centrifuged at 105,000 g for 90 minutes. The pellet obtained 
was resuspended in 2 ml phosphate buffer, bioassayed for TSA infectivity 


and negatively stained for EM examination. 


b) Extraction of nucleic acids 

Tobacco and tomato leaves showing early systemic symptoms of 
stunt infection were homogenised for 2 minutes with 1% sodium pyro- 
phosphate or phosphate buffer pH 7.0, molarity ranging from 0.01 to 
0.5 M, and water-saturated phenol (Diener and Lawson, 1973). The 
ratio of 1 g tissue: 1 ml buffer: 1 ml phenol was used. In fete 
experiments bentonite was added to give a concentration of 50 mg/ml. 
The homogenate was centrifuged at 5,000 g for 10 minutes, and the 
aqueous layer was extracted again by shaking for 2 minutes with an 
equal volume of phenol. After centrifugation, traces of phenol 
remaining in the aqueous layer were removed by ether extraction. 
Nitrogen gas was then bubbled through the preparation to remove traces 
of ether, and the nucleic acids were precipitated by the addition of 
2 volumes of cold 95% ethanol. This mixture was incubated at -15°C 
for 30 minutes, and then the precipitate was pelleted by centrifuging 
at 3,500 g for 10 minutes. The nucleic acids were resuspended in 
2 to 3 ml 0.01 M phosphate pH 7.0, and bioassayed for TSA infectivity 
at dilutions of 1:10 and 1:100 on leaves of C. amaranttcolor. 
Preparations were also diluted for determining the UV absorption 
spectra. 

Nucleic acid samples were submitted to polyacrylamide gel 


electrophoresis using 2.6% gels in 0.6 x 10 cm perspex tubes. Gels 
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were prepared using recrystallised acrylamide and bisacrylamide 
(Adesnik, 1971; Loening, 1967, 1969). Nucleic acid preparations were 
diluted 1:10 and 1:20 with electrophoresis buffer and 0.3 ml samples 
were layered on each gel. The gels were subjected to electrophoresis 
for 2 hours at 3 mAmp per tube. At the completion of the run, gels 
were stained for 1 minute with 0.05% toluidene blue in 0.01 M sodium 
acetate pH 5.5. Destaining was carried out for 1 hour in 0.05 M sodium 
acetate pH 5.5 diluted 1:10. To test experimental technique, purified | 
brome mosaic virus (BMV) RNA was layered onto similar gels and 


subjected to electrophoresis. 


c) Negative staining of TSA preparations for TEM 

Preparations of nucleoproteins obtained Pron infected tobacco 
and tomato tissues as outlined in a) were applied to Formvar coated 
TEM grids, and negatively stained with 2% aqueous phosphotungstic acid 
(PTA) adjusted to pH 7.0 with 0.1 N sodium hydroxide. 

Dip preparations were also nace for TEM examination from 
leaves, stems and petioles of infected tobacco and tomato showing 
symptoms at different stages of development. The cut surfaces of 
tissues were dipped into drops of glass distilled water on formvar- 
coated grids. Excess water was removed and the grids negatively 


stained with PTA. After air-drying they were examined with the TEM. 
2. Results 


a) Extraction of nucleoproteins 
An infectious preparation of nucleoprotein was obtained from 
tomato leaves following clarification of the sap with chloroform and 


differential centrifugation. The crude sap extracted in 0.1 M phosphate 
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pH 7.0 containing 0.001 M 4-PTC did not contain any TSA infectivity. 
However the clarified centrifuged preparation was infectious on leayes 
of C. amaranticolor (mean count of 43 lesions/leaf). No infectivity 
was obtained on leaves of Red Kidney bean. No distinct virus-like 
particles were observed in negatively stained samples from partially 
purified preparations of sap from diseased and healthy tomato 

plants. 

No infectious preparations were obtained from tobacco leaves 
following differential centrifugation. The addition of anti-oxidants 
to the extraction buffer and adjustment of the buffer molarity had 
no effect on stabilising TSA which gave low infectivity in the crude 
sap extracts. Small particles, 8-9 nm in diameter (Plate 30,A), 
were observed in non-infectious preparations obtained after 2 cycles 
of differential centrifugation. 

_ After one treatment with PEG, the infectious TSA present in 
sap prepared from tobacco and tomato leaves was concentrated more 
than four-fold, as determined by local lesion counts. However, this 
infectivity was completely lost after a second PEG treatment, and 
green host material was still present in the samples, Virus-like 
particles, 15 to 35 nm in diameter, were observed in negatively 
stained preparations (Plate 30, B &C). A wide range of particle 
sizes was observed. Some particles were as large as 45 to 50 nm 
in diameter, and others appeared to be surrounded by an envelope. 
Following SDG centrifugation, TSA infectivity was recovered from 
fractions 5 to 9 (from the top of the tube), and from the green 
pellet of host material (Figure 15). The highest infectivity was 


obtained from fractions 5 and 6 and the resuspended pellet. Absorbance 
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ECGURE 315. 


Relative absorbance at 254 nm 


Fractions of preparation from tobacco stunt agent - 
infected tobacco obtained by sucrose density gradient 
following PEG precipitation, and monitored by relative 
absorbance at 254 nm and by bioassay on ¢. amaranttcolor 


Local lesions 


Top Bottom 
Fraction No. 
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at 254 nm showed a peak around fractions 7 and 8. The infectivity 
obtained after SDG centrifugation was lower than in the PEG treated 
sap. Likewise, infectivity decreased further following ultracentrifu- 


gation of the combined infectious SDG fractions. 


b) Extraction of nucleic acids 

All preparations of nucleic acids from infected tobacco and 
tomato tissues were off-white in colour, non-infectious, and gave 
UV absorption spectra showing considerable protein contamination 
( Figure 16 ). Buffer molarity and the addition of bentonite 
during extraction had no effect on ine recovery of infectious nucleic 
acids. After electrophoresis, no extra RNA bands were located in gels 
containing the nucleic acids isolated: from stunt infected tobacco and 
tomato tissues. Two bands of host RNA were present in both healthy 
and diseased preparations. Purified BMV RNA, after electrophoresis, 
showed three bands, representing RNA 1 + RNA 2 (1.09 x 10° d. and 
0.99 x 10°d, respectively), RNA 3 (0.75 x 10° d.), and RNA 4 (0.28 x 
10° d.) (Lane and Kaesberg, 1971). The band for RNA 4 was faint in 
contrast with the bands for RNA 1 + RNA 2 and RNA 3. 


c) Negative staining of TSA preparations for TEM 

Virus-like particles 8 to 9 nm and 15 to 50 nm in diameter were 
observed in partially purified nucleoprotein preparations obtained 
from stunt infected tobacco and tomato. However, these preparations 
did not contain TSA infectivity. Also no infectivity was obtained 
on Red Kidney bean. No virus-like particles were observed in 
negatively stained dip preparations of tissues of infected tobacco 


and tomato. Also no particles were detected in dip preparations made 
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FIGURE 16. 


Absorbance 


UV absorption spectra of phenol-extracted preparations 
from tobacco and tomato leaves infected with tobacco 


stunt agent 


@—e tobacco-TSA 
O=——o tomato-TSA 
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from TSA local lesions on leaves of C. amaranticolor. 


H, DISCUSSION 


Although attempts to characterise and visualise TSA were not 
successful, some important information about the nature of this agent 
was obtained. Tobacco stunt agent was extremely unstable in sap 
preparations and readily inactivated during purification procedures. 

Due to differences in infected tobacco and in sensitivity of C. amarant- 
teolor leaves, TSA infectivity varied within and between experiments. 

The stage of symptom development influenced the recovery of 
TSA infectivity from infected tobacco. Highest infectivity was 
obtained when early systemic symptoms were visible. Following the 
. development of severe necrosis and stunting, TSA infectivity was 
reduced. Temporary remission of stunt Symptoms occurred in infected 
plants grown at 25°C, whereas at 33°C symptoms were lost permanently. 
This heat therapy (Hidaka and Hiruki, 1958), may have been due to 
the effect of high temperatures directly on TSA or on the interaction 
between TSA and the tobacco host. Temperatures also had an effect on 
the number of local lesions which developed on leaves of C. amaranttcolor 
following sap inoculation with TSA. Plants incubated at 33°C did not 
develop any visible lesions. The thermal inactivation point of TSA in 
apes sap was found to be 10 minutes at 35°C. This would suggest that 
the effect of temperature was on TSA and not the interaction with the 
noe However, this is not certain because the thermal inactivation 
point for TSA in sap has also been reported to be between 75 and 80°C 


(Hiruki, 1975). This variation in results may be due to differences in 
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the source of TSA or experimental conditions. In the present study 
TSA was maintained on tobacco by serial mechanical transmission. 


Treatment of infected tobacco at different stages of symptom 


development with antibiotics did not produce any remission of symptoms. 


Addition of penicillin and chloramphenicol to TSA in tobacco sap did 
not significantly reduce infectivity. The reduction of infectivity 
associated with the addition of tetracycline was only significant in 
this experiment at the 5% level. In other tests the reduction of 
infectivity was not significant. This illustrates some of the 
variation obtained in bioassaying TSA infectivity. Buffer containing 
antibiotics was maintained at pH 7.0 to avoid any effects of pH on TSA 
infectivity. From the results of tn vtvo and tn vitro treatments 
of TSA with antibiotics it is suggested that stunt disease in tobacco 
~is not caused by a bacterium, rickettsia or Mollicutes-like organism. 
Infectivity of TSA in tobacco sap was reduced by low pH and 
by high molarity of phosphate buffer. Sodium sulphite had no effect 
on infectivity, and the reduction caused by the addition of ascorbic 
acid was probably due to an effect of low pH. Addition of the 


chelating agent, 4-PTC, significantly increased the level of TSA 


infectivity recovered from tobacco sap. The activity of host polyphenol 


2+ chelating inhibitors (Hampton and 


oxidases can be reduced by Cu 
Fulton, 1961), and since the activity of these enzymes was reported 
to be higher in tobacco infected with certain plant viruses than in 
healthy plants (Martin, 1958), 4-PTC may stabilise TSA infectivity by 


ae and subsequent inhibition of host polyphenol 


the chelation of Cu 
oxidases. The unstable nature of TSA in tobacco sap was shown by the 


longevity of 2 hours at 20°C. Even at 4°C, infectivity was only 
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obtained for 24 hours. The dilution end point of between 1:10 and 
1:100 suggests that tobacco tissues do not contain high concentrations 
of TSA, and also that the infectious agent is unstable in sap. 

The complete inactivation of TSA infectivity in tobacco sap 
by the addition of RNase at concentrations higher than 0.1 ug/ml 
suggests that TSA contains RNA. In contrast, DNase had no significant 
effect at the highest tested concentration of 100 ug/ml. The significant 
reduction of infectivity associated with the addition of 500 ug 
protease/ml was not due to a pH effect, since the pH of the extraction 
buffer remained at 7.0. It is suggested that TSA contains a protein 
coat which is degraded by protease and leaves the infectious RNA 
vulnerable to inactivation by host nucleases. A loose arrangement or 
packing of the subunits in such a protein coat would explain the 
‘unstable nature of TSA in tobacco sap, and the rapid inactivation by 
added RNase. The protein coat may not be loosely packed in all 
particles since inactivation by added RNase, over an incubation period 
of 1 hour, was rapid during the first 10 minutes but then levelled off. 
Also protease at a concentration of 2 mg/ml did not completely inactivate 
TSA. 

The reduction of infectivity associated with the addition of 
Mg-bentonite and bentonite to tobacco sap also suggests that TSA may 
contain a protein component, since nucleoproteins can be adsorbed by 
clays such as bentonite. Likewise the precipitation and concentration 
of infectious TSA by PEG, and fractionation by SDG centrifugation 
indicate that TSA may be a nucleoprotein. The yariation in sizes of 
particles observed in non-infectious preparations following PEG 


precipitation may be due to random aggregation of the protein sub-units, 


86 


oe) | | = 


his. mae ¥e. sarosn tre mobs b att --2aiRAy iS 107 


As 
200% Se ChevAde nN AES FOR Gh espsets eat sett 


“PSSTeRh oF See pcb? satnt ond feng onte baw 4 

5 ty oN) vitro hed Ait So pohrevi doen erefanes SAT 7 
rete uh ahohtetneinso 24 sen Ty notes RO 

Seravsnes ” HBR 2Ai eietoo AST path eieepeie 

shyneange tayead teaiptd adF Je Dost ie 

yigpouides Betsiavars yitvitoatal sot souiey ' 


19% foctte Md @ ated fon cow Trsessson a 


~ >) 


nm int hotohaoee at Of 0.0 fe Sentero 


(odd eae! ben eet Vd Bepepsd: OF ote oaee n 


SES oe AST A iy ais roen vi rer? Javt Ton? ot of dsvaniey . 
; e, 
‘ite @ Howe 3) 2ehodws edt VO Garaaeg 
et pn tege SOATHOT At. Bel To SAA sfisveny 


iva feoog! stant fea Zo? Segoe BAT eee belie 

m oe tae fy wove saan hethe yc notreur soa? sonre estore iat . 
Ping wi) so4 eect OT sents edt » cyah biger ea . dor’ F ‘y 
‘fesobonon ton ore ing S to wolteasoeey & Fs ‘ezancong: ite 


me Vtithe atl ette pore scaee yi vtsowinet med tives oat 
vow. S27 cemt 2fewpone orla qez oeaada? of eo teased Gan sttne oot 
bit 
a perrenve nian gniatoyostaun sorte aes. asitad ote 


apriont is ad ea owl 
eaaeias | ey ny ube 


or represent stages in the disruption of the protein coat. If the 
latter theory is correct, then the infectious particles of TSA are 
large in comparison with many plant viruses. 

Sensitivity of TSA to phenol extraction suggests that it does 
not exist as a free nucleic acid. This is also supported by sensitivity 
to high temperatures, and the lack of stabilisation of the infectious 
agent by bentonite and by high molarity phosphate buffer. The addition 
of yeast RNA partially protected TSA from inactivation by providing 
the host nucleases with an alternate substrate. The reduction of 
infectivity associated with yeast RNA concentrations higher than 10 
mg/ml was probably due to a molarity effect, because the buffer had to 
be “decir to pH 7.0 with sodium hydroxide. | 

The results obtained in the present study suggest that TSA is 
“an infectious RNA which is protected by a very loose protein coat. In 
contrast with conventional plant viruses and viroids, this disease 
agent is extremely unstable in extracted sap. Although the presence of 
a protein coat is suggested, it is still possible that TSA is an 


infectious RNA associated with a protein component of the host cell. 
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CHAPTER VI 


MORPHOLOGY AND ULTRASTRUCTURE OF OZPIDIUM AS RELATED TO ITS ROLE 
AS VECTOR OF TOBACCO STUNT AGENT 


A. INTRODUCTION 


The ultrastructure of a lettuce isolate of Olpidiwn brassicae 
has been investigated as regards its transmission of tobacco necrosis 
virus (TNV) (Temmink and Campbell, 1968, 1969a, 1969b; Temmink, 1971). 
Prepenetration and penetration stages of a cabbage isolate of 
O. brassicae have also been reported (Lesemann and Fuchs 1970a, 1970b). 
The present study involving a tobacco isolate of Olptdiwn carrying 
TSA was carried out for the following reasons: 

1. to compare the life-cycle, morphology and ultrastructure of this 
tobacco isolate with reports of other isolates, and to determine 

- whether TSA has any effect upon its vector. 

2. to attempt visualisation of TSA in different stages of its vector. 
3. to determine the stages of Olpidium concerned with acquisition 
and transmission of TSA. 

4, to investigate stages in the life-cycle of Olptdiwn not 
previously reported in detail. 

The association between Olpidiwn and TSA has been shown to 
be highly stable and persistent (Hiruki, 1965, 1968, 1972). 
-Acquisition of TSA by Olptdtum only occurs in vivo (Chapter IV; 
Hiruki, 1965), and it has been proposed that the agent is present 


inside the vector. Soejima and Hidaka (1969) reported virus-like 
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particles in cells in a pellet of Olpidium/TSA zoospores, and 
suggested that the agent multiplies in its vector. However, the 
identity of these particles as the infectious agent of tobacco stunt 
was not demonstrated. Attempts have been made to verify this report, 
and to determine whether TSA has any effect on its vector because 
of its internal and persistent association. It has been proposed 
that transmission of TNV occurs within 24 hours after penetration 
of the host cell by the fungal thallus (Temmink and Campbell, 1969b; 
Temmink, 1971), during which time the Weel Cae ee and host 
cytoplasm are separated by only a single membrane. In this study 
the isolate of Olpidium/TSA was examined to determine the stage 
or stages in the life-cycle of the fungus during which transmission 
and tn vivo acquisition of the internally associated TSA could occur. 
Two stages in the life-cycle of Olptdiwn have not been 
reported in detail, i.e. the retraction of the flagellum by zoospores, 
and the morphology and ultrastructure of resting sporangia. Observa- 
tions on the retraction of the flagellum by some fungal zoospores 
have been made with the light microscope using time-lapse photography 
(Aist and Williams, 1971; Holloway and Heath, 1974; Koch, 1968). 
Different retraction methods for chytrid zoospores were proposed 
(Koch, 1968), and the genus OZpidiwm was grouped according to the 
‘lash-around' or 'wrap-around' method. Membrane fusion was 
suggested to occur during retraction of the flagellum, but the 
fate of the flagellum membrane was not demonstrated. The method 
by which the flagellum is retracted may be significant with respect 
to the transmission of any virus or virus-like agents associated 


with the flagellum (Temmink and Campbell], 1969b; Temmink, 1971). 
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The smal] zoospores of Olptdium make obseryations of prepenetration 
stages with the light microscope very difficult. However, use of 
the SEM allows observation of these stages in much greater detail. 

To date, observations of isolates of Olptdtwm resting 
sporangia have only been made at the light microscope level 
(Bensaude, 1923; Sampson, 1939; Sahtiyanci, 1962). No ultra- 
structura] details have been reported. Infectivity of TSA has 
been obtained from air-dried resting sporangia retained for at 
least seven years after TSA acquisition (Hiruki, 1972), and the 
stunt agent in resting sporangia survives acid, heat and UV irradiation 
treatments as long as the fungus remains viable. Because of this 
persistence of TSA in resting sporangia, the morphology and ultra- 
structure of these stages were included in this study. 

The scanning electron microscope is now frequently used 
for examination of fungi. Observations of specimens can be made 
over a wide range of magnifications, duplicating and supplementing 
information obtained from the light microscope, and complementing 
observations of ultrastructure made with the TEM. This technique 
has been applied to studies of the microflora on plant roots 
(Campbel] and Rovira, 1973; Dart, 1971; Locci, 1969a; Rovira and 
Campbell, 1974), and the invasion of leaf tissues by zoospores 
(Locci, 1969b; Royle and Thomas, 1971; Royle and Thomas, 1973). 
However, this technique has been used yery little for studying 
the stages of zoospore infection on plant roots (D'Ambra and Locci, 
1971). Recently SEM has been used to determine the distribution 
and relationships of fungi within plant tissues (Jones et al., 


1974; Kinden and Brown, 1975; Murphy et aZ., 1974; Welch and 
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9] 
Martin, 1973), however, only one report has been published involving 


fungi in plant root cells (Lutz and Sjolund, 1973). 


B. LIFE-CYCLE OF OLPIDIUM 


1. Materials and Methods 

Roots of 6 days old tobacco seedlings, grown at 25°C 
in sterilised quartz sand, were washed free of sand particles, and 
then incubated in concentrated zoospore suspensions of OZpidiwn and 
Olptdiun/TSA (Chapter III) for 15 minutes. After this pulse inocula- 
tion, the roots were washed twice in distilled water, and incubated 
in a half-strength Hoagland's solution in an incubator at 17°C with 
16 hours light period, and light intensity of 5,000-10,000 lux. 
Roots inoculated with each Olptdtum isolate were sampled at known 
time intervals, mounted in water on slides and examined with a 
light microscope (Chapter III). Free zoospores were observed 
live in distilled water, and also after fixation with vapour from 
a 2% solution of osmium tetroxide. Fixation was achieved by placing 
a drop of zoospore suspension on a glass slide and inverting it 


over the osmium tetroxide solution for 5 minutes. 


2. Results 

Stages in the life-cycle of the tobacco isolate of Olptdtum 
are illustrated in Plate 4, Free zoospores were observed with a 
round body and a single flagellum. The nucleus and some granules 
were visible in the zoospore body (Plate 4,A). During the 
pulse inoculation period, zoospores attached to the tobacco roots 
mainly in the zone of cell elongation. However, some zoospores 


also attached to root hairs. Two hours or more after attachment, 
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penetration of the host cell wall by the zoospore cytoplasm occurred 
(Plate 4,B). After incubating for 48 hours, characteristic zooporangia 
were visible in the root epidermal cells (Plate 4,D). After a further 
48 hours mature zoosporangia with exit tubes were present, and release 
of zoospores occurred (Plate 4,E£). Resting sporangia were also 
observed with characteristic, thick, undulating walls (Plate 4,C). 
Following pulse inoculation of tobacco roots with OZpidtum and 
Olptdtun/TSA zoospores, mature zoosporangia developed and released 

the subsequent generation of zoospores in 3 to 4 days. No differences 
between the life-cycles of the two isolates of Olpidium were 


observed. 


Grease REE@ZOUSPORES 


1. Materials and methods 

Concentrated zoospore suspensions (Chapter III) of Olptdtwn 
and Olptdiwn/TSA were prepared for SEM examination using the following 
fixation and dehydration schedules: 
a. Zoospores on Millipore filter. Samples of the zoospore suspensions 
were placed on small pieces of Millipore filter (50 nm pore size), and 
treated in one of the following ways. (i) The Millipore was frozen 
in liquid Freon 13 and then transferred to liquid nitrogen prior to 
drying in an Edwards Speedivac II. (ii) The Millipore was fixed in 
osmium vapour and then gently washed in distilled water, followed by 
dehydration through a graded ethanol series, and critical point dried 
from absolute ethanol (DeBault, 1973). 


b. Zoospores in Nuclepore 'bags*. Samples of the zoospore suspensions 
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were put into smal] tubes and treated in one of the following ways, 

(i) Fixation for 1 hour at room temperature after adding an equal 
yolume of 1% potassium permanganate in distilled water. After fixation 
the zoospores were pelleted by centrifuging at 3,500 g for 5 minutes 
(Sorvall RCB-2, SS 34 rotor), and resuspended in a few drops of 
distilled water. Samples were put into Nuclepore '‘bags' (Atwood et al., 
1975) made by lining porous teflon capsules with Nuclepore membrane. 
(5um pore size), and dehydrated through a graded ethanol series fol- 
lowed by critical point drying from absolute ethanol. (ii) Fixation 
for 30 minutes after adding an equal volume of 2% osmium tetroxide in 
distilled water. Following fixation the zoospores were washed, 
dehydrated and dried as in (i). (iii) Prefixation for i hour after 
adding an equal volume of 0.01 M phosphate buffer pH 7.0 containing 2% 
glutaraldehyde plus 2% formaldehyde. After fixation the zoospores 

were pelleted by centrifuging at 3,500 g for 5 minutes, resuspended in 
distilled water, and postfixed for 30 minutes by adding an equal volume 
of 2% osmium tetroxide in distilled water. The zoospores were then 
washed, dehydrated and dried as in (i). 

The same concentrated zoospore suspensions were also processed 
for sectioning for transmission electron microscopy. Zoospores were 
fixed by adding an equal volume of 4% glutaraidehyde plus 4% formalde- 
hyde in 0.01 M phosphate pH 7.0 to the suspensions, and leaving at 
room temperature for 2 hours. The fixed zoospores were pelleted by 
centrifugation, and washed twice for 30 minutes in distilled water. 

A few drops of 2% water agar at 45°C were added to the zoospore 


pellets, and the agar allowed to gel. The agar containing zoospore 
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pellets was cut into small pieces and postfixed in 2% osmium tetroxide 
in distilled water for 2 hours at room temperature. The samples 

were then washed, dehydrated through a graded ethanol series, 

embedded in Araldite, sectioned and stained for observation with 

the TEM (Chapter III). 

Free zoospores were also observed with the TEM after osmium 
vapour fixation and negative staining. The zoospore suspensions 
were washed twice in distilled water by centrifugation. Drops of 
these suspensions were placed on Formvar coated electron microscope 
grids on dental wax in petri plates. Drops of 4% aqueous osmium 
tetroxide were placed on the wax, and the zoospores fixed in osmium 
vapour for 30 minutes. Half of the grids were then air-dried, and 
the remainder were negative-stained with 2% aqueous phosphotungstate 


pH 7.0. Grids were then examined with the TEM (Chapter III). 


2. Results 

In the SEM, each free zoospore had a round body, 2-3 um 
in diameter, and a single whiplash flagellum 14-17ym in length 
(Plate 7,A). The body had a ruffled outline and was never observed 
to be perfectly smooth. In the region where the flagellum joins 
the body a ring-like swelling was apeenied (Plate 7,B&C). The best 
preservation of free zoospores was achieved using either osmium 
vapour with zoospores on Millipore filter (Plate 7,A&B) or aqueous 
osmium tetroxide with zoospores in the Nucleopore ‘bags! (Plate 7,C), 
followed by critical point drying. The critical point drying was 
carried out directly from ethanol since amyl acetate dissolves 
Millipore and softens Nuclepore to a slight extent. The Nuclepore 


'bags' were extremely convenient for handling zoospore samples with 
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the minimum amount of physical disturbance. Prefixation with aldehydes 
followed by postfixation in osmium tetroxide resulted in an irregular 
outline of the zoospore body when compared with osmium fixaticn alone. 
Collapse of the body occurred when permanganate was used for fixation. 
Freeze-drying with or without fixation produced considerable collapse 
and damage to the zoospore body. In comparison, critical point drying 
gave excellent preservation following osmium fixation. 

In the TEM zoospores fixed in osmium vapour were also observed 
with a round body and a single whiplash flagellum (Plate 14,A). The 
membrane surrounding the body and flagellum of each zoospore was 
visible, but no virus-like particles attached to the membrane were 
observed in negatively stained samples. The body was electron-dense 
with some osmiophilic bodies visible. 

Zoospores sectioned for TEM possessed a plasmamembrane 
continuous around the body and flagellum (Plate 14,B&C). In some 
sections the spatial relationships between the flagellum, kinetosome, 
rhizoplast and nucleus were observed. In longitudinal sections of 
the attachment of the flagellum to the body (Plate 14,C), the two 
central fibrils of the flagellum terminated at the kinetosome. 
Transverse sections of the Abe showed the typical 9+2 arrangement 
of the fibrils (Plate 14,D). In the region of the kinetosome, where 
the flagellum joins the body, a slight swelling was observed 
(Plate 14,B). 

No differences in the structure of Olpidiwm and Olptdiwm/TSA 
zoospores were observed. No-virus or virus-like particles were visible 


inside or external to the body and flagellum of Olptdtum/TSA zoospores. 
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D. ZOOSPORES ATTACHED TO TOBACCO ROOTS 


1. Materials and methods 

Roots of healthy tobacco seedlings germinated in moist sand 
at 25°C for 6 to 10 days were incubated in concentrated zoospore 
suspensions (Chapter III) of Olptdiwm and Olpidiwm/TSA, and sampled 
at known time intervals up to 20 minutes of incubation. At the end 
of this time the remaining roots were washed twice with distilled 
water and incubated under the same conditions, as outlined in section 
B, for a further 12 hours. Roots sampled during both incubation 
periods were examined in the light microscope, fluorescence micro- 
scope, SEM and sectioned for TEM. 

Roots for light and fluorescence microscopy were mounted 
fresh in aniline blue stain preparation (Chapter III). 

Roots for SEM examination were fixed and dried in the 
following ways. (i) Roots were frozen in Freon 13 and then trans- 
ferred to liquid nitrogen for freeze-drying (see Section C). 

(ii) Fixation for 1 hour in 0.01 M phosphate buffer pH 7.0 containing 
2% glutaraldehyde plus 2% formaldehyde, washed with distilled water 
and then freeze-dried as in (i). (iii) Prefixation in glutaraldehyde 
and formaldehyde as in Gann washed in distilled water, postfixed in 
2% aqueous osmium tetroxide for 30 minutes, washed again and then 
freeze-dried as in (i). (iv) Prefixation and postfixation as in (iii). 
Fixed roots were washed in distilled water and transferred to porous 
Teflon capsules, prior to dehydration through an ethanol series, and 
critical point dried from amyl acetate (Anderson, 1951). (v) Fixation 
in 2% aqueous osmium tetroxide for 30 minutes, washed and dehydrated 


as in (iv). (vi) Fixation in 1% aqueous potassium permanganate for 
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1 hour, washed and dehydrated as in (iv). 

Some roots were also freeze-fractured after fixation for 4 to 
6 hours at room temperature in 0.1 M phosphate buffer pH 7.0 containing 
2% glutaraldehyde plus 2% formaldehyde, and postfixation in 2% aqueous 
osmium tetroxide for 2 to 4 hours. Fixed roots were frozen rapidly in 
Freon 13 and fractured with a pre-cooled scalpel. The fractured roots 
were transferred into liquid nitrogen, freeze-dried and examined 
with the SEM (Chapter III). 

Roots sampled for observation with TEM were fixed, dehydrated, 


embedded and sectioned as outlined in Chapter III. 


2. Results 

Light microscopy and SEM observations showed that zoospores 
attached to the tobacco roots mainly in the zone of cell elongation 
(Plate 5,A&C; Plate 9,B&C), which is situated up to 2 mm behind the 
root cap. When a high concentration of zoospores (107 zoospores/ml ) 
was used as inoculum, they were also seen attached to root hairs 
(Plate 9,D). Many zoospores were attached to roots sampled between 
5 and 10 minutes after incubation. Zoospores were observed with the 
‘flagellum still present and probably not retracting, since the ring- 
like swelling was still visible (Plate 7,D&E). The flagella of some 
zoospores were coiled or looped (Plate 8,A&B). In some cases the 
flagellum was observed wrapped around the body and merging of the 
flagellum and body plasmamembranes was apparent (Plate 8,C&D). 
Other zoospores were observed with the flagellum wrapped around 
the body and only the whiplash remaining free (Plate 8,E). The 


body of each zoospore undergoing retraction of the flagellum appeared 
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flattened with numerous surface irregularities showing a possible 

aie formation. However, roots sampled after 20 minutes of incubation 
showed round encysted zoospores with a relatively smooth outline 

and with the flagellum completely retracted (Plate 8,F). 

For SEM examinations the preservation of the zoospore body 
when attached to tobacco roots varied according to the fixation 
procedure used. An irregular outline of the body was frequently 
observed (Plate 7,E; Plate 8,A) even though later stages showed good 
preservation following the same fixation procedure. Fixation in 
osmium alone (Plate 7,D) or prefixation in aldehydes followed by 
osmium (Plate 7,E) were the best procedures for preservation of the 
zoospore body. Critical point drying gave better results than freeze- 
drying with or without the use of prefixation. Permanganate as a 
fixative before critical point drying resulted in considerable 
collapse of the zoospore body. 

Roots sampled 10 minutes after incubation and sectioned for 
TEM showed attached zoospores with an irregular discoid outline and 
limited by only the body plasmamembrane (Plate 15,A,C&D). Plate 
15,A shows an oblique section through an attached zoospore which is 
retracting the flagellum. The body is flattened and surrounded by 
only the eee enrranes The 9+2 fibrils of the flagellum 
(axoneme) are surrounded by cytoplasm (Plate 15,A&B), indicating 
that retraction is in progress. The flagellum plasmamembrane is 
absent. After retraction of the flagellum the axonemal fibrils 
without the surrounding membrane were seen in oblique and transverse 
sections within the body cytoplasm (Plate 15,C&D). A cyst wall was 


deposited exterior to the body plasmamembrane soon after retraction 
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of the flagellum (Plate 16,A&B), and the zoospore body then assumed 
a comparatively round outline. One hour after inoculation the cyst 
wall around the zoospore body was quite distinct (Plate 17,A8B). 
Light and fluorescence microscopy of roots incubated for 
two hours or more revealed fluorescence due to callose substances in 
areas adjacent to encysted zoospores (Plate 5,A&B, C&D). Fluorescence 
was associated with the thickening of the host cell wall in response 
to penetration by zoospores (Plate 5,E&F). Roots incubated for 2 
hours and freeze-fractured for SEM examination showed encysted 
zoospores with adjacent thickening of the host cell wall (Plate 9,F; 
Plate 10,A). Some fractured cysts contained a large vacuole distal 
to the site of attachment to the host cell wall (Plate 9,E). 
Fractured roots at 3 and 4 hours after inoculation contained cysts 
and penetrating thalli (Plate 10,B&C). Cysts at 24 hours after 
inoculation were often collapsed and adjacent cell wall thickenings 
were still visible (Plate 10,D). One empty cyst on the root 
surface was damaged during freeze-fracturing, and the hole in the 
cell wall made by the penetrating thallus was revealed (Plate 10,E). 
Examination of sections of encysted zoospores with the TEM 
showed the presence of a definite cyst wall after 1 hour of incubation. 
Axonemal fibrils seen in transverse section were irregular in 
arrangement (Plate 17,A&B). Electron-dense material between the 
cyst and host cell walls was evident (Plate 17,A). Compared with 
earlier stages of zoospores attached to roots (Plates 15&16), there 
were many lomasome-like bodies present in the cyst cytoplasm of 
both OZpidiwn and Olptdium/TSA isolates. Lomasome-like bodies were 


also present between the host cell wall and host plasmamembrane 
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adjacent to the cyst (Plate 17,A). Two and 3 hours after inoculation 
cysts were observed with a large vacuole distal to the site of at- 
tachment to the host cell wall (Plate 18,A). Lomasome-like bodies 
were present in the cyst adjacent to the site of attachment. Penetra- 
tion of the host cell wall by the cyst cytoplasm occurred after 2 
hours of encystment on the root surface, as evidenced by penetrating 
thalli in roots sampled 3 hours after inoculation (Plate 18,B&C). 
The fungal cytoplasm penetrated the host cell wall and the material 
deposited between the host plasmamembrane and cell wall (Plate 18,C). 
Once inside the host cell the fungal cytoplasm was separated from 
the host cytoplasm by only a single membrane. Empty cysts still 
contained the cyst plasmamembrane and some lomasome-like bodies 
inside the cyst wall (Plate 18,B&C). Lomasome-like bodies were also 
present in the penetration channels. The material deposited between 
host plasmamembrane and cell wall had a granular matrix and contained 
some membranous or lomasome-like bodies (Plate 18,B). 

No differences were observed in these stages of the two 
isolates of Olptdiwn examined. Virus or virus-like particles were 


not observed. 


E. FUNGAL THALLI WITHIN HOST CELLS 


1. Materials and methods 
Tobacco roots were inoculated with zoospores of Olptdium and 
Olptdium/TSA, and fixed for examination in light and fluorescence 
microscopes, SEM and TEM as outlined in section D. Roots were sampled 
efron 4 to 120 hours after inoculation. Some roots containing abundant 


zoosporangia and resting sporangia were also selected from tobacco 
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seedlings grown in microincubators, 2 to 4 weeks after inoculation with 
resting sporangia of Olptdiwn and Olptdtum/TSA. These roots were 

fixed for TEM examination as outlined in Chapter III. They were also 
fixed using the same procedures, freeze-fractured as outlined in 
section D, and examined with the SEM. Further root samples containing 
resting sporangia were fixed in 1% aqueous potassium permanganate 

for 3-4 hours at room temperature, and then washed, dehydrated, 


embedded and sectioned for TEM examination as outlined in Chapter III. 


2. Results 

Fungal thalli, 6 to 8 um in diameter, were visibie in roots, 
sampled 12 hours after inoculation, examined witn the light microscope 
(Plate 6,A). Areas of fluorescence in the same roots were not associat- 
ed with the fungal thalli (Plate 6,B). The thalli increased in size 
during the next 12 to 24 hours. At 24 hours after inoculation they 
possessed a wall and were 10 to 14 um in diameter (Plate 6,C). At 48 
hours, zoosporangia were observed with single exit tubes (Plate 6,D) but 
no zoospores were released until approximately 72 hours after inoculat- 
ion. Resting sporangia, each with their characteristic thick undulating 
wall, were observed for the first time at 96 hours (Plate 6,E), and also 
elongated zoosporangia with many exit tubes (Plate 6,F). 

Ereeeeernaetined roots examined in the SEM contained fungal 
thalli within the epidermal cells 4 hours or more after inoculation with 
zoospores. At 24 hours the thalli were round in outline with a ruffled 
surface, either due to the presence of host cytoplasm or to the 
deposition of wall material exterior to the thallus plasmamembrane. 
Thalli at 48 hours possessed a wall and were surrounded by host 


cytoplasm which gave them a ruffled surface outline (Plate 11,A&B). 
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The fungal cytoplasm, as compared with the surrounding host cytoplasm, 
was very dense at this stage (Plate 11,B). One fractured thallus 
had an apparent connection with the root surface (Plate 11,C). 
This hole in the epidermal cell wall may represent the penetration 
channel for the entrance of the cyst cytoplasm. Zoosporangia with 
exit tubes were present in epidermal cells at 72 hours (Plate 11,D), 
and their cytoplasm at this stage contained many small vacuoles 
(Plate 11,E). At 96 hours mature zoosporangia with exit tubes were 
observed in the epidermal cells (Plate 12,A), and fractured 
zoosporangia contained mature zoospores (Plate 11,F). Resting 
sporangia were observed for the first time in fractured roots at 
96 hours after inoculation with zoospores (Plate 12,B&C). 

Sections of thalli examined with the TEM possessed only a 
Single limiting membrane for the first 24 hours in the epidermal 
cells (Plate 19,A). The fungal cytoplasm was dense with ribosomes 
as compared with the host cytoplasm (Plate 18,C; Plate 19,A). 
Fungal mitochondria were orthodox in form, whereas those of the 
host were condensed. At 36 hours, a wall had been deposited 
exterior to the thallus plasmamembrane (Plate 19,B&C). Some host 
cytoplasm containing condensed mitochondria was present around 
the thalli, and the host plasmamembrane was often separated from 
the host cell wall. The fungal cytoplasm varied in density at this 
stage and organelles were not distinct. At 48 hours the fungal 
cytoplasm was multinucleate and contained many vesicles (Plate 19,D). 
The cytoplasm was then cleaved by these vesicles to differentiate 
zoospores (Plate 20,A&B). Oblique sections of flagella were 


present in the cytoplasm which was enclosed by the zoosporangium wall. 
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This wall appeared to be made Wi of two layers varying in electron 
density (Plate 20,A). Mature zoosporangia contained differentiated 
zoospores and possessed a plugged exit tube (Plate 20,B). These 
zoospores were limited by a single plasmamembrane, and the ribosomes 
in different areas of the cytoplasm varied in density (Plate 20,C&D). 
Axonemal fibrils surrounded by the flagellum membrane were seen in 
transverse and oblique sections, and the relationship of the 
flagellum to the kinetosome, rhizoplast and nucleus (Plate 20,D) 
were the same as for free zoospores (Plate 14,C). 

Resting sporangia with characteristic ridges were observed 
in tobacco roots 96 hours after inoculation with zoospores (Plate 
12,B&C). The ridges were more pronounced at 120 hours (Plate 12,D). 
Resting sporangia were present in the cells of the epidermis and 
cortex of freeze-fractured roots containing fungus cultures 3-to 4 
weeks old. Their distribution was observed in longitudinal and 
transverse fractures of roots (Plate 12,E&F). No resting sporangia 
were observed in xylem or phloem cells. The wall of each resting 
sporangium possessed distinct ridges which outlined five and six- 
sided facets (Plate 13,A). The ridged walls of freeze-fractured 
resting sporangia were composed of several layers (Plate 13,B&C), and 
enclosed the fungal cytoplasm which had a sculptured surface. Two 
types of sculptured surface were observed; one with raised areas 
giving a 'raspberry-like' appearance (Plate 13,B), and the other 
with rod-like depressions (Plate 13,C&D). The paired fractured 
surface to that shown in Plate 13,C had rod-like raised areas 
(Plate 13,E&F). In some cells host material was associated with 


the surface of the resting sporangia (Plate 12,F; Plate 13C). 
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In the TEM developing resting sporangia had dense cytoplasm 
containing many organelles which resembled mitochondria (Plate 21, 
A&B). At an early stage in its development the fungal wail was thick 
but did not possess the characteristic ridges of mature resting 
sporangia. The cytoplasm in the host cell had degenerated and the 
plasmamembrane was dislodged from the host cell wall (Plate 21,B). 
Resting sporangia with ridged walls contained dense cytoplasm and 
large bodies of lower electron density after fixation with 
potassium permanganate (Plate 21,C). The walls were composed of 
two distinct layers. The inner layer was electron transparent 
and contained fibrous structures (Plate 21,D). Resting sporangia 
fixed in aldehydes and osmium also contained dense cytoplasm with 
many lipid bodies at the periphery (Plate 21,E). The walls were 
composed of three distinct layers, the inner layer appearing 
electron transparent except for fibrous-like material (Plate 21,F). 

No differences were observed between the isolates of Olptdtum 
and Olptdium/TSA as regards thalli at different developmental stages 
within tobacco cells. Virus or virus-like particles were not 


observed in any Olptdiwn/TSA thalli in host cells. 


F. DISCUSSION 

Attempts to visualise TSA in different stages of its vector 
were not successful. The isolates of Olptdiwm and Olptdtum/TSA 
were identical as regards life-cycle, morphology and ultrastructure. 
The ultrastructure of this tobacco Olptdium was similar to 
that of the lettuce and cabbage isolates (Lesemann and Fuchs, 1970a, 


1970b; Temmink and Campbell, 1968, 1969a, 1969b; Temmink, 1971). 


Olpidium has a short and comparatively simple life-cycle since one 
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generation of zoospores is produced in 3 to 4 days. Several zoo- 
sporangia may develop in a single host cell and each zoosporangium 

is capable of releasing many zoospores. Therefore a high probability 
for transmission of TSA exists, even if only a percentage of the 
zoospores carry the agent. 

In this study the accuracy of timing the development of 
different Olpidium stages was limited by the inability to synchronise 
the attachment of zoospores to the roots, and also the penetration 
of the host cells by the fungal cytoplasm. Using concentrated 
zoospore suspensions ( 10° zoospores/ml) as inocula, sufficient 
zoospores were attached to the roots after 15 minutes of incubation 
to permit SEM and TEM examinations of later stages. Observations 
made with the SEM were extremely valuable for correlating light 
microscope observations of morphology and TEM observations of ultra- 
structure of different Olptdiwn stages. Discussion of the morphology 
and ultrastructure of Olpidiwn will be limited to observations which 


differ from previous reports, and to unpublished observations. 


1. Zoospores free and attached to tobacco roots 

Based on light microscope and SEM observations the body of 
an Olpidtum zoospore is concluded to be round in outline. Temmink 
and Campbell (1969a) contended that the body was pyriform from their 
TEM observations of zoospore sections. However, a later publication 
(Temmink, 1971) included a light micrograph of a zoospore with a 
round body. Since the body is limited by only a single plasmamembrane 
it is suggested that the outline is determined by the environment, 
and any movement of the body within that medium, In this study 


sectioned zoospores were frequently not round in outline, due to 
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external forces involved during processing for embedding and 
sectioning. Therefore, a conclusion concerning body shape based on 
sectioned zoospores is not as reliable as that from light microscope 
and SEM observations. 

Zoospores were always observed with a single flagellum. 
No evidence was obtained for the existence of 'double' or multi- 
flagellate zoospores (Temmink and Campbell, 1969a; Tomlinson and 
Garrett, 1964; Garrett and Tomlinson, 1967), which some investigators 
consider as support for a sexual phase in the life-cycle of Olpidiwn 
(Kole, 1954; Sahtiyanci, 1962). The ring-like swelling at the base 
of the flagellum may represent an outline of the kinetosome. Electron 
micrographs of thin sections of zoospores showed a swelling in the 
region of the kinetosome, which in previous reports (Temmink and 
Campbell, 1969a; Temmink, 1971) was briefly referred to as an 
invagination of the zoospore plasmamembrane. | 

The fixation and dehydration methods were extremely important 
for good preservation of zoospores free or attached to tobacco roots 
for SEM examination. Prior to the development of the cyst wall the 
zoospore body collapsed easily during preparation unless osmium was 
used for fixation. Freeze-drying resulted in damage and collapse 
compared with the more gentle dehydration by the critical point method. 

Zoospores were firmly attached to the roots prior to retraction 
of the flagellum, and were not washed off during processing as 
previously reported (Temmink, 1971). Observations of zoospores with 
the flagellum partially retracted and ridge formation suggest that 
retraction occurs when the flagellum wraps around the body. This 


also agrees with earlier light and electron microscope obseryations 
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(Koch, 1968; Lesemann and Fuchs, 1970a). In the present study 
merging of the body and flagellum membranes was apparent where the 
flagellum was wrapped around the body. Merging may occur along the 
length of the flagellum simultaneously, or it may be gradual starting 
from the base of the flagellum, as evidenced by micrographs showing 
part of the flagellum still free. This may be related to the time 
required for the flagellum to be wrapped around the zoospore body. 

Electron micrographs of free zoospores showed the body and 
flagellum membranes to be continuous. Thus the flagellum membrane 
was probably incorporated into the body membrane during retraction. 
This may have occurred in a manner similar to that suggested for 
cell membrane fusion and the fertilisation mechanism in plants and 
animals (Friedmann, 1962). Comparable fusion of membranes has been 
demonstrated during the resorption of cilia by certain protozoa 
(Roth and Shigenaka, 1964), and the fusion of isolated plant. 
protoplasts (Power et aZ., 1970). The stimulus for merging of 
the flagellum and body membranes must result from at least 2 factors, 
i.e. adhesion of the zoospore body to the root surface, and wrapping 
of the flagellum around the body which brings the membranes into 
close proximity, a prerequisite for membrane fusion (Lucy, 1970; 
Poste and Allison, 1973). Adhesion seems to be a requirement since 
free zoospores do not show this merging of the membranes. Further 
factors must also be involved since merging does not occur between 
the flagellum and body membranes of different zoospores attached 
to roots. 

Prior to encystment the zoospore cytoplasm is limited by 


only a single plasmamembrane which may have ‘elastic’ properties. 
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Zoospores attached to roots but with the flagellum still present 

had an irregular body outline. Likewise those with the flagellum 
partially retracted also had a body outline which was irregular and 
flattened. This irregular folding of the plasmamembrane is similar 

to observations reported for zoospores of Blastocladiella emersonit 
undergoing encystment (Truesdell and Cantino, 1971). A discoid or 
flattened shape of zoospores immediately following retraction of 

the flagellum has also been reported for the chytrid fungus, Rozella 
allomyets (Held, 1973) and for Plasmodtophora brassicae (Aist and 
Williams, 1971). The flagellum of a zoospore of R. allomycis is 
retracted when it wraps around the stationary body of the zoospore 
(Held, 1973). In contrast the flagella of a P. brassicae zoospore 

are retracted when they become coiled (Aist and Williams, 1971). With 
both these fungal zoospores the appearance of a discoid cyst with an 
irregular outline at the time of flagellum retraction has been 
demonstrated by light microscope and TEM observations. In the present 
study the same discoid shape of the cyst of Olptdiwn has been observed 
immediately following flagellum retraction. The area of contact 
between the cyst and the host cell wall becomes reduced as the cyst 
rounds off with the deposition of the cyst wall. The discoid shape 

of the cyst and irregular folding of the plasmamembrane may result 
from a spring-like coil of the axoneme (Held, 1973), or from other 
forces involved in retraction since free and encysted zoospores after 
the same fixation procedures did not display this characteristic. 
Following retraction of the flagellum,cyst wall material was rapidly 
deposited exterior to the plasmamembrane, and this cyst wall may 


account for increased resistance of the otherwise originally delicate 
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zoospore body prior to penetration of the host. 

The number of zoospores attached to roots and still possessing 
an entire or a partially retracted flagellum was low relative to the. 
number of attached zoospores at any given time. This suggests that 
flagellum retraction occurs rapidly after attachment of the body to 
the root. Because of the extremely low distribution of zoospores 
showing stages of flagellum retraction at any given time, SEM had 
practical advantages in this study over sectioning for TEM for 
observation of these stages. If a system could be developed in which 
the zoospores were induced to attach to the root cells within a very 
short time interval, then a more detailed investigation of these 
prepenetration stages using TEM and SEM would be possible. 

During the period of encystment on the root surface the 
increased number of membrane-bound vesicles or lomasome-like bodies 
in the cyst cytoplasm may be involved in the deposition of the cyst 
wall (Lesemann and Fuchs, 1970a; Manton, 1964; Temmink and Campbell, 
1969b; Truesdell and Cantino, 1971), or in the development of a large 
vacuole distal to the site of attachment to the host cell wall (Held, 
1973 ; Temmink and Campbell, 1969b). Lomasome-like bodies between 
the cyst wall and plasmamembrane adjacent to the host cell wall may 
function as a store of membranous material (Heath and Greenwood, 
1970) for the penetrating thallus. However, the presence of similar 
bodies in the cyst after passage of the cytoplasm into the host cell 
may indicate a surplus of membranous material during penetration. 
Lomasome-like bodies between the host plasmamembrane and cell wall 
were probably involved in the deposition of callose substances and 


the thickening of the wall adjacent to the cyst. This modification 
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of the host wall appeared before penetration by the fungal thallus, 
as evidenced by TEM and SEM observations of encysted zoospores. 
— Similar timing of the host wall modification has been reported: for 
several host-parasite combinations (Edwards and Allen, 1970; Hanchey 
and Wheeler, 1971; Temmink and Campbell, 1969b). 

The presence of callose substances in the cell wall modification 
induced by Olptditwn cysts was demonstrated by bright fluorescence 
under UV illumination after staining with aniline blue (Eschrich and 
Currier, 1964). The exact chemical nature of this cell wall modifica- 
tion is unknown since the specificity of aniline blue fluorochrome 
for different glucans is uncertain (Faulkner et aZ., 1973). Smith 
(1900) referred to this structure as the "papilla". Since then it 
has been called "lomasomes" (Ehrlich et al., 1968), “papillum" 
(Temmink and Campbell, 1969b), and “callosity" (Lesemann and Fuchs, 
1970b). This structure is thought to be produced by the host 
protoplast (Aist and Williams, 1971; Bushnell, 1971; Chou, 1970; 
Edwards and Allen, 1970; Ehrlich et aZ., 1968; Kusano, 1936; 
Lesemann and Fuchs, 1970b), and comparable cell wall modifications 
have been reported during the penetration of plant cells by other 
fungi (Aist and Williams, 1971; Berlin and Bowen, 1964; Ehrlich et al., 
1968; Hardwick et az., 1971; Heath and Heath, 1971; Mercer et al., 1975; 
Peyton and Bowen, 1963; Politis and Wheeler, 1973; Sargent et al., 1973). 
Since the wall modification occurs before penetration by the Olptdium 
thallus it is suggested that this is a host response which serves as a 
defense mechanism against penetration (Heath and Heath, 1971). In 
comparison, papillae produced in cells penetrated by zoospores of 


P. brasstcae (Aist and Williams, 1971) were concluded to serve as 
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a localised wound-healing response of the host (Currier, 1957; Nims et 
al., 1967). Callose substances can probably be regarded as a non- 
Specific response to penetration. Callose itself is stated to be 
electron-lucent and non-fibrous in texture (Frey-Wyssling and 
Muhlethaler, 1965; Heslop-Harrison, 1966). The wall thickening during 
Olptdtum penetration is slightly granular and contains membranous bodies, 
suggesting that it is composed of other materials as well as callose. 
The actual mode of host cell wall penetration by OZptdtiwn 
zoospores is not known. In the absence of any specialised structure 
for piercing the wall as found in other Phycomycete fungi (Aist and 
Williams, 1971; Keskin and Fuchs, 1969), it is suggested that 
penetration may be mainly enzymatic since no conspicuous signs of 
stress were observed in the wall. The lomasome-like bodies in the 
cyst at the site of attachment to the host cell wall may contain wall 
degrading enzymes (Lesemann and Fuchs, 1970a). However, in the case 
of cysts of P. brassteae, which contain a specialised structure for 
physical penetration of the host wall, it has been proposed that these 
lomasome-like bodies contain enzymes which strengthen the adhesive 


material between the cyst and host cell wall (Aist and Williams, 1971). 


2. Thalli within host cells 

During the process of penetration, the cyst cytoplasm passes 
through both the host cell wall and the plasmamembrane. The fungal 
thallus is then in close contact with the host cytoplasm, separated by 
only a single membrane which is thought to be the thallus plasma- 
membrane (Temmink and Campbell, 1969b). This boundary is simple by 


comparison with the complex haustorial-host boundaries of the rusts 
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and mildews with their sheath membrane, Sheath, haustorial wall, 
and plasmamembranes (Bracker, 1967), and even with the seven-layered 
Pplasmodial envelope of P. brassicae (Williams and McNabola, 1970). 
This stage in the life-cycle of Olpidiwn may be the time when acquisition 
and transmission of TSA occurs. Exchange of materials may occur 
between the tobacco host and Olpidium at this time, whereas after the 
deposition of the thallus wall, approximately 24 hours after penetra- 
tion, the host and fungal cytoplasm are physically separated. Follow- 
ing the formation of the thallus wall the host cytoplasm appears 
degraded, whereas the fungal cytoplasm undergoes differentiation as 
previously reported (Temmink and Campbell, 1968, 1969b). 
The factors controlling resting sporangia development are 
still unknown. Resting sporangia are present in the same cells 
as zoosporangia, however, the former frequently occur in different 
layers of the cortex, whereas the latter are restricted mainly to 
the epidermis and first layer of the cortex. It is possible that 
the immediate environment of a fungal thallus determines its dif- 
‘ferentiation, since the presence or absence of certain ions has been 
“shown to influence the formation of resting sporangia by Blastocladiella 
emersonit (Griffin, 1965). The distribution of Olpidtwn thalli in 
different layers of the cortex raises the intriguing question of how 
they reach the cells inside the root. Zoosporangia in epidermal 
-~cells have been observed to release zoospores within the cell. These 
zoospores may encyst..on the-wall between-an epidermal and cortical 
“cell, as evidenced by cyst-like structures adjacent to cell wall 
thickenings observed with the TEM. The absence of the host cytoplasm 


and plasmamembrane at this stage would suggest that the ‘internal' 
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zoospores were able to encyst on the ‘internal' cell wall. However, it 
is not known whether this represents penetration by secondary 
‘internal’ zoospores (Aist and Williams, 1971) into the first layer 

of the cortex, or whether the fungal cytoplasm present in the epidermal 
cell encysts directly and penetrates into the cortex cells, without 
the formation of a zoosporangium and a new generation of zoospores. 

The differentiation of thalli into zoosporangia or resting 
sporangia is apparent approximately 48 hours after penetration. The 
cytoplasm of thalli developing into resting sporangia does not become 
multinucleate. Organelles in the cytoplasm appear to break down, and 
there is an increase in lipid bodies. Large quantities of lipid 
material have also been reported inside resting sporangia of 
P. brassicae (Williams and McNabola, 1967), a Chytridiwm species 
(Schnepf et aZ., 1971) and chlamydospores of Fusariwn oxysporum 
(Griffiths, 1973). In OlZpidtwm resting sporangia the lipid bodies 
appear at the periphery of the cytoplasm, and may produce the undula- 
tions on the surface of the cytoplasm as observed in freeze-fractured 
samples with the SEM. Resting sporangia of a Chytridiwn sp. also 
possess lipid bodies at the periphery of the cytoplasm (Schnepf et al., 
1971). The wall of an Olpidtum resting sporangium is laid down 
exterior to the thallus plasmamembrane, and appears amorphous initially. 
However, when the wall ridges have developed, several layers of the 
wall are evident. The two outer layers are electron-dense and 
fibrillar. The 5 and 6-sided facets delineated by the wall ridges 
probably permit contraction and expansion of the resting sporangium 


‘according to environmental conditions. Air-dried resting sporangia 
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possess facets which are more deeply sunken than those of resting 
sporangia inside host cells. 

The persistence of TSA in Olptdiwn infested soil is explained 
by the internal association of the agent with resting sporangia. 
These resting sporangia are able to withstand unfavorable environmental 
conditions due to their thick multi-layered wall, and remain viable 
for long periods of time. The increase in lipid bodies in the 
cytoplasm of mature resting sporangia, and concomitant decrease in 


organelles, suggest a dormant condition of these stages of Olpitdium. 


The absence of any conventional virus particles in all stages 
of Olptdiwn/TSA suggests that there may be a close association between 
the nucleic acids of TSA and its vector, or some other cellular 
component of Olptdtum. This would indicate an extremely stable re- 
lationship between agent and vector. No evidence was obtained to 
support the report of particles tn Olptdium/TSA zoospores (Soejima 
and Hidaka, 1969). Since it is possible to free the fungus of TSA 
by culturing on cowpea, Vigna sinensts (Hiruki, 1965), it is 


thought that TSA is not capable of multiplication in its vector. 
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CHAPTER VII 


HISTOLOGICAL AND CYTOLOGICAL ABERRATIONS FOLLOWING INFECTION OF 
TOBACCO WITH OZPIDIUM AND TOBACCO STUNT AGENT 


A. INTRODUCTION 


Infection of tobacco with TSA, following inoculation of the 
roots with Olpidtwn/TSA, produces severe disease symptoms which are 
typical of virus and ‘yellows' diseases. The external disease 
symptoms (Hidaka et aZ., 1956) do not provide a reliable indication 
of the identity of the causal agent, except to further suggest 
that it is distinct from tobacco necrosis virus (TNV). The sites 
of histological and cytological aberrations in diseased plants 
provide an indication of possible causal agents (Schneider, 1973), 
although similar histological aberrations can be produced by diverse 
causal agents. To date the changes which occur in tobacco tissues 
and cells following stunt infection have not been reported. In this 
study, infected tobacco tissues were examined for the following | 
reasons: 

1. to determine the effects of Olptdtum and TSA separately as 
regards symptom expression. 

2. to attempt visualisation of TSA in different tobacco tissues. 
3. to determine the significance of vascular necrosis in stunted 
tobacco. 

The external symptoms of stunt disease previously reported 


were based on observations of tobacco plants grown in infested soil 
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(Hidaka et aZ., 1956), and also after sap inoculation with TSA 
(Hiruki, 1964, 1967, 1975). Hidaka et aZ. (1956) briefly reported 
necrosis in the vascular tissues of tobacco stems and leaves showing 
stunt symptoms. However, these observations were made from plants 
grown in infested soil. No examinations have been made of vascular 
tissues in stunted tobacco in the absence of Olptdtum. It is 
therefore important to evaluate the roles played by Olpidiwn and 
TSA separately in the development of external symptoms, and to 
relate this to histological aberrations in stunted tobacco. 

In view of the uncertainty as to the nature of TSA it is 
necessary to examine infected tissues for the presence of such 
micro-organisms as mycoplasmas and rickettsias. This is especially 
relevant because of the vascular necrosis previously reported 
(Hidaka et al., 1956). Virus-like agents causing certain aberrations 
in the phloem tissues of plants are now known to be a mixture of 
conventional viruses and mycoplasmas. Similarly, agents which produce 
virus-like symptoms in the xylem and were thought to be viruses, 
now appear to be rickettsias (Schneider, 1973). 

Fluorescence microscopy has been used for the detection of 
phloem cells containing mycoplasma-like organisms +i diseased plants 
(Dijkstra and Hiruki, 1974; Goszdziewski and Petzold, 1975; Hiruki 
and Dijkstra, 1973; Hiruki et aZ., 1974b). The presence of mycoplasma 


in-phloem sieve cells is accompanied by high quantities of callose 


-around -the cell walls, and necrosis of cetls. This abnormal deposition 


of callose can be detected after staining with aniline blue fluorochrome 


and examining with the fluorescence microscope. 


Scanning electron microscopy has been used for the examination 
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of the internal structure of biological material (Bole and Parsons, 
1973; Germinario and McAlear, 1971), and provides the advantage 

of higher resolution when compared with the light microscope, This 
technique was included in the present study for observations of 
histological aberrations in healthy, Olpidium-infected and TSA- 
infected tobacco plants. 


B. EXTERNAL SYMPTOMS OF OZPIDIUM AND TSA INFECTIONS 
1. Materials and methods 


a) Inoculation of tobacco with Olpidtwm/TSA. 

Tobacco seedlings were inoculated with zoospores of Olptdtum 
and Olpidium/TSA as outlined in Chapter III, and grown at 18° + 2°C 
for 3 months. The development of any disease symptoms was recorded. 
Healthy, non-inoculated plants were also grown as controls. 

One week old tobacco seedlings growing in sand in pot 
incubators (Plate 1,A) were inoculated with zoospores of Olpidium 
and Olptdtum/TSA, and grown at 18° + 2°C for 2 months. Roots were 
periodically sampled and examined after washing out the sand with 


water. 


b) Sap inoculation of tobacco with TSA. 
Inoculations were carried out as outlined in Chapter III. 


Inoculated plants and non-inoculated controls were grown as in a). 


c) Graft transmission of TSA to healthy tobacco. 
Shoots of tobacco showing symptoms of stunt, 4 weeks after 
“inoculation of the roots with Olptdiwn/TSA zoospores, were wedge- 


grafted onto healthy 6 weeks old tobacco plants. The graft unions 
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were bound with parafilm and the plants covered with polyethylene 
bags for 1 week. After removal of the bags, the plants were grown 
for 3 months at 18° + 2°C, and the development of any symptoms of 
stunt infection on the new growth from the stocks was recorded. 
Shoots of healthy and Olptdiwn inoculated tobacco were also grafted 


as controls. 
2. Results 


a) Tobacco inoculated with Olptdtum/TSA. 

The first symptoms of stunt appeared as water-soaking of small 
scattered areas towards the tip of young leaves, approximately 3 
weeks after inoculation. One day later these areas had become necrotic, 
but remained about the same size. Vein-clearing of young expanding 
leaves was also evident at this time. These young leaves were more 
erect than comparable ones in the healthy and Olptdtwn inoculated 
controls. During the next 3 days fine chlorotic and necrotic spots 
developed extensively over the leaves. Some leaves had ring-like and 
wavy patterns of chlorosis and necrosis. Approximately 4 weeks after 
inoculation the plants appeared stunted and possessed short internodes 
with the leaves in a rosette arrangement. Developing leaves of 
stunted plants were smaller than those of the controls, and were 
distorted in outline (Plate 3,B). Plants with severe symptoms of 
stunt had small irregularly shaped leaves in a rosette arrangement, 
and the lower leaves at the base of the plant were stiff and brittle. 
Considerable necrosis developed along leaf veins, petioles and stems. 
A ring-type necrosis occurred on the stem at soil level (Plate 2,D). 


This development of vascular necrosis was accompanied by wilting of 
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the plants during the daytime. 

No disease symptoms developed on the leaves of control plants. 
However, there was a difference between the growth rates of healthy 
and Olptdiun inoculated controls during the first month after 
inoculation. The growth of OZpidiwn inoculated plants was retarded 
compared with the healthy controls. But at 2 months after inoculation 
there was no apparent difference between these control treatments 
(Plate 3,A). However, the difference between the growth of Olpidiwn/TSA 
inoculated plants and the 2 controls was very distinct. Root develop- 
ment of plants from the different treatments was compared after 
washing soil out of the roots with water. The root systems of healthy 
and Olptdium inoculated control plants were well developed and light 
in colour in contrast to the roots of Olptdiwn/TSA inoculated plants 
(Plate 2,D). The latter roots were poorly developed and brown in 
colour. Also, severe stem necrosis was observed on these plants at 
soil level. The stems of control plants were normal in appearance. 

The tobacco seedlings grown in sand culture and inoculated 
with zoospores of Olptdtum and Olptdtwm/TSA developed small chlorotic 
spots on the seed leaves, approximately 10 days after inoculation. 

No symptoms were observed on healthy controls. Seedlings inoculated 

with Olpidium/TSA developed typical symptoms of stunt infection after 
incubating for a further 10 days, whereas no stunt symptoms developed 
on the Olptditwm inoculated controls. 

The washed roots of Olptidtum and Olpidtum/TSA inoculated 
seedlings were brown in colour and poorly developed, when compared 
with the roots of healthy controls, during the first month after 


inoculation. Subsequently, the root development and root colour of 
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Olptdium inoculated seedlings were comparable to those of the healthy 
controls. However, the roots of Olpidiwn/TSA inoculated seedlings 


still appeared brown and stunted in their development. 


b) Tobacco, sap inoculated with TSA. 

Following sap inoculation, the first symptoms developed on 
the inoculated leaves after incubating for 6 to 8 days. Typical 
ring necrosis (Plate 2,A) and fine necrotic spots appeared first 
as chlorotic areas, and then became necrotic during the next 2 days. 
Also some of these areas enlarged and fused later. Systemic symptoms 
were first observed in young expanding leaves, 12 days after inocula- 
tion. Vein-clearing in these leaves was followed 2 days later by 
systemic necrosis (Plate 2,B&C). Stunting of the plants (Plate 1,D) 
occurred 6 to 7 days later. However, not all inoculated plants 
developed symptoms of stunting. In one set of inoculations, 17 out 
of 24 plants inoculated developed stunting symptoms. The remaining 
plants developed only local and systemic necrosis. Necrosis of the 
stem at soil level was only observed in plants exhibiting stunting 
symptoms (Plate 1,E). After incubation for more than one month 
the stunting was severe, with short internodes and small irregularly 
shaped leaves produced. Severe necrosis developed along leaf veins, 


petioles and stems, and the lower leaves were stiff and brittle. 


c) Graft transmission of TSA to tobacco. 

_ Two weeks after grafting infected scions onto healthy tobacco 
stocks, symptoms of systemic necrosis were observed on new growth 
from the stocks. These shoots were stunted and had short internodes 


(Plate 1,C). Symptoms were identical with those produced after sap or 
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Olptdium transmission of TSA. No symptoms developed on the tobacco 


plants grafted with healthy and OZptdtwn inoculated controls. 


C. HISTOLOGICAL AND CYTOLOGICAL ABERRATIONS 
1. Materials and methods 


Tissue samples were taken from the same plants as examined 
in section B, i.e. tobacco plants showing symptoms of stunt infection 
following sap inoculation with TSA, graft and OZpidiwn transmission 
of TSA. Tissue samples were also taken from healthy and Olpidiwn 
inoculated control plants. All samples were processed and examined 


as outlined in the following sections a), b) &c). 


a) Light and fluorescence microscopy 

Fresh, hand-cut sections of stems and petioles were stained 
for lignins, tannins, callose and gums (Esau, 1948; Eschrich and 
Currier, 1964; Jensen, 1962), using the following procedures: 

(i) Sections were mounted in a saturated aqueous solution of 
phloroglucinol in 20% hydrochloric acid. Lignin stained a red- 
violet colour. 

(ii) Sections were bleached in saturated acidified calcium hypo- 
chlorite for 5 minutes, and then mounted in 1% sodium sulphite. 
Lignin stained a bright red colour, which faded to brown after 
40 minutes. 

(iii) Sections were mounted in a 1% solution of ferric chloride in 
0.1 N hydrochloric acid. A blue stain indicated the presence of 


tannins. 
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(iv) Sections were placed in a glass dish and equal volumes of the 
following reagents added; 10% sodium nitrate, 20% urea and 10% acetic 
acid, After leaving for 3 to 4 minutes , 2 volumes of 2N sodium ngitnorctele 
were added, Tannins stained a cherry red colour. . 

(v) Sections were fixed in boiling water for 5 minutes, mounted in 
aniline blue stain, and then examined with the fluorescence microscope 
(Chapter III). Callose substances fluoresced a bright yellow-green 
colour (Eschrich and Currier, 1964). 

(vi) Sections were stained with 0.5% aqueous safranine 0 for 1] minute, 
and then washed in 4 changes of distilled water. Cel] walls were stained 
purplish red, and gum materials stained scarlet. 

The roots of tobacco seedlings grown in sand culture and 
inoculated with Olptdium and Olptdiwm/TSA zoospores, as in section B, 
were also examined periodically with the light microscope. Washed 


roots were mounted in water and examined without fixation. 


b) Scanning electron microscopy 
The following schedules were used for the preparation of 
tobacco stems and petioles for SEM examination: 

(i) Stem and petiole sections, 1-2 mm thick, were cut with razor 
blades and frozen in liquid Freon 13, After transferring into liquid 
nitrogen they were freeze-dried, 

(ii) Sections were washed in 3 changes of distilled water and freeze- 
dried, 

(4ii) Sections, 5 mm thick, were fixed overnight at 4°C in 0.1 M 
phosphate buffer pH 7,0 containing 2% glutaraldehyde plus 2% formal] - 


dehyde. The tissues were washed twice for ] hour in distilled water, 
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and postfixed for 6-hours in 2% aqueous osmium tetroxide at room temp- 
erature, After washing again for 1 hour, sections 1-2 mm thick were 
cut from the centre of each piece of tissue, and freeze-dried, 

Dried sections were mounted for SEM examination as outlined in 


Chapter ITI, 


c) Transmission electron microscopy 

Tissue pieces, 2 to 3 mm square, were cut from stems, leaves 
and petioles of tobacco plants showing stunt symptoms, following sap 
inoculation with TSA, and graft and Olpidiwn transmission of TSA. 
Tissue samples were also taken from healthy and Olpidiwn inoculated 
control plants, and from leaves of Chenopodium amaranticolor with 3 
days old local lesions following sap inoculation with TSA (Chapter III). 


All tissue samples were fixed, dehydrated, embedded and sectioned for 


TEM examination as outlined in Chapter III. 
2. Results 


a) Light and fluorescence microscopy 

A regular arrangement of xylem and phloem tissues was observed 
in stem sections of healthy and OZpidiwn-inoculated controls (Plate 22, 
A&B, C&D). In the fluorescence microscope the lignified walls of the 
xylem autofluoresced very strongly. This fluorescence which was very 
regular and light blue in colour, also appeared in the thick walls of 
scJerenchyma ce]]s. Specific ye]]Jow-areen fluorescence was observed as 
regularly distributed spots in the phloem tissues after staining callose 
with aniline blue fluorochrome. The phloem tissues were small in area 
and fluorescence was assoctated with the sieve plates, as seen in 


Jongitudinal sections (Plate 24,A&B). 
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In contrast, the vascular tissues in stems and petioles of 
plants infected with TSA pene highly modified (Plate 23,A&B). 
Cells of the xylem were irregular in arrangement and had walls of 
varying thickness. Fluorescence was irregular and depended on the 
degree of lignification of the walls. Thin walled cells fluoresced 
very faintly as compared with healthy xylem cells. In longitudinal 
sections, the weak autofluorescence in the xylem was associated with 
vessels which were very short in length and irregular in arrangement 
(Plate 24,C&D). Hyperplasia was evident in the phloem tissues in 
stems and petioles of stunted tobacco, but no virus or microorganisms 
were observed in the cells. These ceils fluoresced with a higher 
intensity than corresponding phloem cells in healthy stems, but 
the distribution of the fluorescence was normal. This was also 
particularly evident from longitudinal sections of stems. The eis 
cells were very short, and fluorescence was limited to the areas of 
the sieve plates (Plate 24,C&D). Sclerenchyma cells were present in 
tobacco stems showing stunt symptoms, but were absent in stems with 
severe symptoms of stunt. 

Tobacco stems and petioles after sap inoculation with TSA 
(Plate 23,C&D), and also after graft transmission with TSA, had 
_ irregularly thickened cell walls in the xylem. Again, hyperplasia 
was evident in the phloem, but the fluorescence in these cells was 
normal in distribution. 

No tannins were detected in the tissues of stunted tobacco 
or in the controls. Staining for lignin showed the irregular distri- 
‘bution of thick walled xylem cells in stunted tobacco. Also the walls 


stained with different intensities as compared with the more uniform 
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staining of healthy xylem walls. Sections from stunted tobacco, 
stained with phloroglucinol and with safranine, showed material present 
in the xylem vessels. This material, which stained red, did not occur 
in the stem sections of healthy and OZptdtwn-inoculated controls. 

Tobacco roots heavily infected with Olpidiwn and Olptdiwm/TSA 
were stunted, and contained areas of light brown discolouration 
throughout the cortex. The root tips were stubby in appearance, and 
cells in the zone of cell elongation were crowded together. Many 


root hairs were swollen at the tip but did not contain any visible 
fungal thalli. Olptdiwn was distributed in cells of the epidermis 


and cortex. 


b) Scanning electron microscopy 

The surfaces of stem and petiole sections, freeze-dried 
without any prior treatment, were covered with material from the 
cut cells. This was particularly evident for stem sections of 
stunted tobacco. Washing the sections in water before freeze-drying 
was sufficient to remove this material. This latter 
procedure permitted examination of the distribution of different 
tissues and the cells with these tissues, especially the xylem 
and phloem. 

In stem sections of healthy and Olptdiwn-inoculated plants, 
_the distribution of the vascular tissues was normal. The ring of 
thick walled xylem vessels was surrounded by small groups of cells 
constituting the internal and external phloem (Plate 25,A&B, C&D). 
The vascular tissues in sections of stunted tobacco stems were 
ae neay developed, but the cells within such tissue were irregular 


in distribution (Plate 25,E&F). In contrast with the xylem cells 
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of healthy and OlZptdiwn-inoculated controls (Plate 26,A&C), xylem 
cells in stunted tobacco were thin-walled (Plate 26,B&D). Large 
xylem vessels were infrequent in stunted tobacco, especially after 
the development of symptoms of severe stunting. The difference 
between the lignified cell walls in Olptdiwn-inoculated tobacco 
xylem and stunted tobacco xylem was particularly evident at high 
magnification (Plate 26,C&D). Hyperplasia of phloem tissues was 
evident in stunted tobacco (Plates 25,F & 26,F) especially when 
contrasted with the phloem in healthy tobacco (Plate 26,E). 
However, no necrosis was observed in the phloem cells of stunted 
tobacco. 

Gum-like material was detected in the sections of stunted 
tobacco petioles (Plate 27,A) which showed external symptoms of 
necrosis. This material appeared to merge with the thin walls of 
the xylem (Plate 27,B). However, upon closer examination, it was 
revealed that this material was actually on the cut surface of the 
sections (Plate 27,C), and had probably flowed out of the xylem 
cells during preparation for SEM examination. This material was 
also present in the xylem of stunted tobacco stems, but in smaller 
quantities (Plate 27,D). Stems and petioles of control plants 
did not contain this material. The sections, which were cut from 
stunted tobacco and fixed prior to final cutting and freeze-drying, 
did not show this material on the cut surfaces (Plate 27,E). 
Instead, this gum-like material was present in necrotic cells in 


the xylem (Plate 27,F). 


c) Transmission electron microscopy 


The phloem tissues of stunted tobacco stems showed apparent 
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hyperplasia (Plate 28,A), but their distribution in transverse sections 
was regular. Companion cells were present with sieve cells. No 
necrotic cells were observed. Likewise, no virus-like particles, 
mycoplasma-like bodies, rickettsias, or abnormal depositions of 
callose were detected in the phloem cells. Sieve cells contained 
abundant P-protein and plastids (Plate 28,B). The latter were more 
numerous in sieve cells of stunted tobacco than in the sieve cells of 
control plants. 

Xylem cells of stunted tobacco (Plate 29,B) were highly 
degraded when compared with those of the control plants (Plate 29,A). 
Some xylem vessels possessed lignified walls, but adjacent cells had 
extremely thin walls which were irregular in outline. The cytoplasm 
in these cells was degraded. Distinct cytoplasmic organelles visible 
in the cytoplasm of healthy cells were absent in these thin walled 
cells: 

In tobacco leaves showing stunt symptoms, the chloroplasts 
were swollen with very large starch granules (Plate 29,C). In some 
chloroplasts the membrane system appeared to be degraded. In 
contrast, the starch grains in chloroplasts of healthy tobacco 
leaves were small and did not disrupt the membrane system, In 
leaves of Chenopodtun amaranttcolor showing necrotic lesions following 
sap inoculation with TSA, the chloroplasts were similarly deformed, 
and the membrane system disrupted, by the presence of large starch 
grains (Plate 29,0). Necrotic cells were observed in leaves of 
both tobacco and C. amaranticolor infected with TSA. No virus or 
virus-like particles were detected in these cells or in adjacent 


cells. There was, however, an increased incidence of lomasome-like 
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bodies in the leaf cells of alee showing stunt symptoms, when 
compared with similar tissues of the control plants. These bodies 
were observed between the wall and plasmamembrane of cells, and 
sometimes the plasmamembrane was deeply invaginated into the cell 


vacuole. However, the adjacent cytoplasm often appeared normal. 


D. DISCUSSION 


The external symptoms of tobacco stunt disease are typical 


of a virus infection as regards the vein-clearing of young leaves, 


the systemic necrosis of leaves and stems, and the stunting of the 
whole plant. However, vein-clearing is also observed in plants 
infected with mycoplasmas, and stunting or reduced vigour has been 
reported for many plant diseases suggested to be caused by bacteria 
and rickettsia (Teakle et aZ., 1973; Hopkins and Mortensen, 1971). 
The internal symptoms of stunt infection cannot be compared directly 
with any published reports. The major aberrations occurred in the 
xylem tissues. Esau (1948) investigated the anatomic effects of 
Pierce's disease in grapevines which, at one time believed to be 
caused by a virus, was recently reported to be caused by a 
bacterium (Auger et al., 1974). Gum-like material was detected in 
the xylem cells, and the xylem walls remained lignified. In the 
present study, gum-like material "pe detected in xylem cells of 
tobacco showing stunt symptoms, but the walls of these cells were 
thin and apparently not lignified. It is not known whether the 
thickening of the xylem cell walls is lost during infection with 
aTsie or whether lignification of developing xylem cells is 


prevented in some way. The latter explanation is supported by the 
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fact that stunting of Tafeeredmolants is influenced by temperature 
(Hidaka and Hiruki, 1958). In the present study (Chapter IV), 

tobacco plants inoculated with OZptdiwn/TSA and incubated at 25°C grew 
without developing any stunt symptoms. ‘These plants developed stems 
with normal internodes. However, after incubating at 17°C for 2 to 3 
weeks, stunt symptoms appeared at the top of these plants. Examina- 
tion of the vascular tissues in different parts of the stems showed 
that the xylem cells had thin walls only in the stunted region of 

the stems. In lower parts of the stems the xylem cells had Jignified 


walls. 


Histological aberrations were mainly restricted to the xylem 
of infected plants. These changes may explain the wilting of severely 
stunted plants, since water movement in the plants would be affected. 
From the combination of light microscopy, SEM and TEM, it was shown 
that, although hyperplasia of the phloem occurred in stunted tobacco, 
the cells in these tissues were normal in appearance. The high number — 
and short length of individual phloem cells may have been due to the 
large number of leaf traces present in a stunted tobacco stem. In 
this investigation fluorescence associated with callose in the phloem 
of stunted tobacco plants was not typical for plants infected with 
mycoplasmas (Dijkstra and Hiruki, 1974; Goszdziewski and Petzold, 
1975; Hiruki and Dijkstra, OTS} Also the absence of such micro- 
organisms from the phloem cells suggests that mycoplasmas are not 
involved in tobacco stunt disease. 

The spatial relationships of cells and tissues in stems and 
petioles of tobacco plants were clearly demonstrated with the SEM. 


Aberrations in tissues of stunted tobacco were detected using both 
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light microscopy and SEM. The absence of any microorganisms in the 
xylem of stunted plants suggests that the gum-like material in these 
cells may have arisen from the breakdown of the walls or some other 
host material (Beckman, 1964). The eames of starch in stunted 
plants may also explain the presence of gum-like material in the xylem, 
since starch has been proposed as a precursor for gum materials (Esau, 
1948). 

This study has demonstrated that Olpidiwn is not involved in 
the external and internal symptomatology of tobacco stunt disease, 
although Olptdiwn infection of very young tobacco seedlings affected 
the growth of these plants during the first month. Since the cytoplasm 
of root cells containing Olptdtwm thalli underwent degradation 
(Chapter VI), it is possible that the root physiology was altered by 
high infection. However, this effect of OlZptdtum on the growth of the 
plants was only temporary. 

Histological and cytological aberrations were observed in 
stunted tobacco following sap or graft transmission of TSA. These 
observations strongly suggest that stunt 7s induced by TSA alone, and 
that Olptdiwn is ati involved in the transmission of the disease 
agent to a suitable host plant. 

The changes observed in the chloroplasts of stunt infected 
tobacco and C. amaranticolor leaves were characteristic of virus 
infected cells (Carroll and Kosuge, 1969; Esau, 1967, 1968). This 
abnormal starch accumulation explains the stiff and brittle nature of 
stunt infected tobacco leaves. 

All attempts to visualise virus and virus-ftike particles, 


mycoplasmas, rickettsias and bacteria in different cells and tissues 
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of TSA infected tobacco proved unsuccessful. Since high infectivity 
of TSA has been recovered from sap obtained from leaf tissues 
(Chapter V), it should be possible to locate virus particies in these 
tissues if TSA possesses conventional particles. The apical region of 
stunted tobacco plants is another area which requires thorough 
investigation in attempts to visualise TSA. The aberrations in xylem 
cells may be due to an effect of TSA on differentiating cells in the 


apical region of tobacco stems. 
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CHAPTER VIII 
GENERAL DISCUSSION 


If the 3 biological entities involved in tobacco stunt disease 
are considered as the points of a triangle, the inter-relationships 
between the disease agent, fungus vector and host plant can be more 
easily assessed. 


tobacco host 
TSA —————_———- 0l ptdium 


Even though it was suggested that not al] zoospores carry TSA 
(Chapter IV), Olpidiwn can still be considered as an efficient vector. 
This fungus is parasitic on the roots of tobacco, and does not affect 
the internal and external symptoms of TSA infection (Chapter VII). 

This observation supports the idea proposed by Grogan and Campbell 
(1966) that a fungus with a host-parasite relationship would more likely 
be a virus vector than a highly pathogenic fungus. Certain character- 
istics of Olpidiwn enhance its role as vector of TSA. The motile 
zoospores are the actual vectors which migrate between the roots of 
diseased and healthy tobacco. rhe tobacco root cells may each contain © 
several fungal thalli, which mature in only 3 or 4 days and release 
“many zoospores. The production of high numbers of zoospores enhances 


the probability of successful TSA transmission. 
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Tobacco root cells reacted Bo penetration by encysted 
zoospores with the deposition of callose materials (Chapter VI), and 
this response was considered to be non-specific. Very recently this 
deposition of materials was reported to prevent the infection of 
Kohlrabi root cells by some encysted Olptdiwn zoospores (Aist and 
Israel, 1975). Following penetration of the host cell wall and 
plasmamembrane, the fungal cytoplasm was only separated from the host 
cytoplasm by a single membrane (Chapter VI). This relationship between 
host and vector probably represents the stage when acquisition and 
transmission of TSA occurs. The morphology and ultrastructure of 
resting sporangia gave an indication of their ability to survive adverse 
conditions. The multilayered wall was very thick and the undulating 
surface with 5 and 6-sided facets would permit expansion and contraction 
of the structure according to moisture conditions. The abundant lipid 
Bodies within the cytoplasm suggest the dormant condition of resting 
sporangia. 

It is interesting to compare the stability of TSA in its vector 
and in the tobacco host. Im vtvo acquisition by Olptdium suggests that 
TSA is carried internally by the fungus (Chapter IV). The stability 
of TSA inside its vector is demonstrated by the retention of infectious 
TSA in air-dried resting sporangia for many years. This stable and 
persistent relationship was further suggested when TSA survived chemical 
and physical treatments to resting sporangia as long as the fungus 

remained viable (Hiruki, 1972). Virus-like particles were not detected 
% Olptdium carrying TSA (Chapter VI), therefore the stable association 
with its vector may possibly be due to an association between the TSA- 


RNA with components of the cytoplasm or nucleus of Olptdtum. 
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In contrast, attempts to jsolate TSA from infected tobacco 
Showed that it is extremely unstable in its plant host (Chapter V). 
The unstable nature of TSA was also shown by longevity, dilution end 
point and thermal inactivition point in sap. Results indicating that 
tnfectious TSA contains RNA provoke questions concerning the relation- 
Ship of this agent with host cells. Since TSA-RNA is unstable it may 
be totally or partially single-stranded. In contrast, infectious RNA's, 
'viroids', isolated from plants infected with potato spindle tuber and 
chrysanthemum stunt are stable in plant sap, especially if prepared in 
high molarity buffer or in extracts treated with phenol (Raymer and 
Diener, 1969; Diener and Lawson, 1973; Hollings and Stone, 1973). The 
data obtained in this investigation suggest that TSA is dissimilar to 
SVLCO1dS i 

In plant cells TSA may exist at certain stages with a loose 
protein coat, as evidenced by the actions of protease and bentonite on 
infectivity in sap, precipitation by PEG, fractionation during SDG 
centifugation, and the presence of many uniform subunit-like particles 
in non-infectious nucleoprotein preparations (Chapter V). The 
association of a protein component with TSA is also supported by the 
recent report of a specific antiserum developed for TSA (Hiruki, 1975). 
The unsuccessful attempts to detect conventional virus particles in 
infected tobacco cells (Chapter VII) may have been due to a low titre 
of the agent, and to a highly specific location within the tissues. 
The agent may only exist with a protein coat at a certain stage of 
- infection in certain tissues or organs, as has been reported for some 
“plant viruses (Shikata and Maramorosch, 1966; Hartmann et al., 1973). 


The possibility that TSA multiplies in xylem tissue of tobacco plants 
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should be reinvestigated, with special emphasis on a developmental study 
of infected plants. 

Tobacco stunt is not considered to be associated with bacteria, 
rickettsia or Mollicutes-like organisms on the basis of sap transmission, 
inactivation by low concentrations of RNase, no remission of symptoms 
with antibiotics, and the absence of any microorganisms within the 
vascular tissues (Chapters V & VII). The aberrations in the vascular 
tissues were extensive (Chapter VII), but were not typical of infections 
with rickettsia and Mollicutes-like organisms (Hiruki and Dijkstra, 1973; 
Schneider, 1973). 

The remote possibility that tobacco stunt is caused by tobacco 
necrosis virus is not excluded entirely, although in this study Red 
Kidney bean was used as a differential host for TNV. The unstable 
nature of TSA in sap, inactivation by low concentrations of RNase, and 
inability to demonstrate tn vttro acquisition by zoospores suggest that 
TSA is distinct from TNV. Stunt agent is systemic in tobacco whereas 
TNV produces local infection on mechanically inoculated leaves and on 
Olptdium-inoculated roots. Hiruki (1975) also concluded that TSA 
differed greatly from TNV on the basis of host range, symptomatology, 
serology and cross protection tests. Further evidence concerning its 
relationship to TNV can only be provided when TSA has been successfully 
isolated and characterised. 

Future attempts to isolate infectious TSA must involve the 
development of procedures for stabilising the agent during extraction. 
The selection of infected host material for TSA isolation may be 
important. Tomato may be a better host than tobacco because necrosis 


does not accompany TSA infection. If the stabilising effect of 4-PIC 
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on TSA infectivity is by inhibition of host polyphenol oxidases, then 
it should be best to isolate TSA from a host which does not contain high 
levels of polyphenols. 

Mechanical transmission of TSA in sap has permitted a better 
understanding of this disease agent in the complex of agent, vector and 
host plant, and of the inter-relationships within this complex. Although 
TSA was extremely unstable in tobacco sap and infection rates varied in 
different experiments, the ability to transmit TSA in sap conferred 
adyantages in using this system, rather than that of lettuce big-vein 
(Lin et al., 1970), for an investigation of the internal and persistent 


transmission of a virus-like disease agent by a fungus vector. 
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EXPLANATION OF PLATES. 


All plates have legends on the facing page to explain the 
material illustrated. The individual photographs making up each plate 
are marked A, B, C etc. At the end of each photomicrograph legend, 
symbols have been used to summarise the preparation and magnification 
of the subject matter. These symbols are sub-divided as follows: 
fixation / staining / approximate magnification / dimension of bar on 
photograph. 


Explanation of symbols used: 


Fixation: FG+0 fixation in 2% formaldehyde plus 2% glutaraldehyde 


followed by post fixation in 1%osmium tetroxide. 


K = fixation in 1% potassium permanganate. 

0 = fixation in 1% osmium tetroxide. 

OV = fixation in vapour of 2% osmium tetroxide. 
B = fixation in boiling water. 

B = frozen in Freon 13 and freeze-dried. 


Staining: UA+tLC staining in 2% aqueous uranyl acetate for 2 hours, 
followed by staining in 0.2% lead citrate for 4 


minutes (Venable and Coggleshall, 1965). 


PTA = 2% aqueous phosphotungstate pH 7.0 as negative 
: stain. 
AB = staining in 0.01% aniline blue in 1/15 M dibasic 


potassium phosphate pH 8.0 for 5 minutes. 
The absence of a particular treatment is indicated by the * sign. 


List of abbreviations and their meanings when used on the figures and 
in the legends: 


a axoneme Lo lomasome-like body 
af axonemal fibrils PA parenchyma 
C companion cell PL plastid 
G cyst PP P-protein 
cc cyst cytoplasm Yr rhizoplast 
CH = chloroplast S sclerenchyma 
cp cyst plasmamembrane SC sieve cell 
cw cyst wall SP sieve plate 
e exit tube S lees tancn 
eP external phloem — t thallus 
f flagellum tp thallus plasmamembrane 
fc fungal cytoplasm tw thallus wall 
fm fungal mitochondrion V vacuole 
fn fungal nucleus W wall 
HC host cytoplasm X xylem 
HCW host cell wall XV xylem vessel 
. HM host mitochondrion zb = =©zoospore body 
HP host plasmamembrane zp zoospore plasmamembrane 
iP = internal phloem zw  zoospore wal] 
k kinetosome sk site of attachment of cyst to 


ME lipid body host cell wall. 
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PLATE 1. Incubators for culturing Olpidium on tobacco roots, and 
temperature treatment of stunt infected tobacco plants, 


A. Pot incubator and coyer for mass culture of Olpztdiwn on tobacco 
roots, 


B. Microincubators in wooden holder for culturing smal] populations 
Of Olpidiun. 


C. Indiyidual microincubator, consisting of a seedling support 
compartment (1) and a nutrient solution compartment (2), both of which 
are connected with a wool string wick (arrow). 


D. Tobacco plants inoculated with zoospores of Olpidtum/TSA and 
incubated at 17°C for 2 weeks, and at the following temperatures for a 
further: 2’ weeks: left, 17203 centre. 72oeC:srignt..o33 26. 


E. Same tobacco plants as in D after further incubation at the 
following temperatures: left, 25°C; centre, 17°C; right, 17°C. 
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PLATE 2. Symptoms of tobacco stunt and tobacco necrosis. 

A, B & C, Development of symptoms of stunt on tobacco leaves after 
inoculation with sap from tobacco showing stunt symptoms following 
inoculation with Olptdtum/TSA. 

A, Ring necrosis on inoculated leaf, 8 days after inoculation. 

B. Systemic yein-clearing, 12 days after inoculation. 

C. Systemic necrosis, 14 days after inoculation. 

D, Tobacco plants 40 days after inoculation with OZptdtwm zoospores. 
Left, healthy: centre, Olptdtwn: right, Olptdium/TSA. Note the 
necrosis at soil level (arrows). 

E, Local lesions on leaf of Chenopodtwn amaranttcotor 14 days after 
inoculation with sap from tobacco leaves showing stunt symptoms 
following inoculation with Olptdiwm/TSA. 


F. Local Jesions on leaf of C, amaranttcolor 7 days after inoculation 
with tobacco sap containing necrosis virus. 
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PLATE 3. Symptoms of stunt disease in tobacco, 


A. Tobacco plants 60 days after inoculation with Olptdtwn zoospores. 
Left, healthy; centre, Olptdtwn: right, Olptdtum/TSA. 


B. Tobacco plants 40 days after inoculation with zoospores of 
Olptdtum/TSA. Note the systemic necrosis, rosetting and the 
distortion of developing leaves. 


C. Tobacco plant grafted with tobacco scion showing stunt symptoms 
following inoculation with Olptdtum/TSA. New growth from stock 
(arrows) shows stunting and systemic necrosis. 


D. Tobacco plant 30 days after inoculation with sap from plant showing 
stunt symptoms following inoculation with Olptdtwm/TSA. Note local and 
systemic necrosis and stunting of the plant. 


E, Tobacco plant 30 days after inoculation with sap as in D, Note the 
necrosis at soi] level (arrows). 
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PLATE 4. Light micrographs of stages in the life-cycle of the tobacco 
strain of Olptdiwn.. 


A. */*/3,200/4um 
B. */*/2,900/4um 
C957 */ 750/151 
Dea 2/*/ 6807.) 5nm 
Em at/ 3/050) 30um 
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PLATE 5, Light micrographs of tobacco roots inoculated with Olptdtumn 
zoospores, 


A, C & E, Roots stained with aniline blue and examined in visible 
TG tee 


B, D &F, Same root tissues as in A, C & E respectively, examined in 
ultraviolet light. 


A & B, Root incubated for 2 hours in zoospore suspension showing 
fJuorescence in the zone of cell elongation, */AB/95/100um. 


C & D. Root incubated for 2 hours in zoospore suspension. Note the 
fluorescent areas (white arrows) in D which correspond with the 
positions of encysted zoospores (black arrows) in C, */AB/600/20um. 


E & F. Root incubated for 3 hours in zoospore suspension. Note the 
cel] wal] thickenings (white arrows) adjacent to the outlines of 
encysted zoospores (black arrows) in E, and the corresponding 
fluorescence (white arrows) in F, */AB/3,150/4um. 
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PLATE 6. Light micrographs of Olptdtum thalli in tobacco root cells. 


A. & B. Fungal thalli (black arrows) 12 hours after inoculation of 
root with zoospores. */AB/750/15um. 


A. Root examined in visible light. 


B. Fluorescence micrograph of the same root tissue as examined in A. 
Note the absence of fluorescence in the corresponding positions of the 
thalli. Fluorescent areas (white arrows) in B correspond with the 
sites of penetration (white arrows) by zoospores in A. 


C. Fungal thalli (arrows) 24 hours after inoculation of root with 
zoospores. */AB/950/10um. 


D. Zoosporangia ( arrows) with exit tubes 48 hours after inoculation 
of root with zoospores. */AB/950/10um. 


E. Zoosporangia with exit tubes and resting sporangia (arrows), 96 
hours after inoculation of root with zoospores. */AB/720/15um. 


F. Zoosporangium with many exit tubes, 96 hours after inoculation of 
root with zoospores. */AB/720/15um. 
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PLATE 7. Scanning electron micrographs of OlZptdiwn zoospores: free 
and attached to tobacco roots. 


A&B. Free Olpidium/TSA zoospores on Millipore filter. 
Ae OV/*/3,500/30m, 


B. Note the ring-like swelling (arrow) where the flagellum joins the 
zoospore body. OV/*/20,000/0.5ym. 


C. Free Olptdtwn/TSA zoospore on Nuclepore membrane. Note the ring- 
like swelling (arrow). OV/*/25,000/0.5um. 


D&E. Zoospores attached to tobacco roots and with the flagellum 
still present. Note the ring-like swelling (arrow)is still visible. 
Roots sampled after incubating for 10 minutes in zoospore suspension. 
Die 0/*/11350007 Tum: 


E. FG+0/*/14,000/1um. 
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PLATE 8. Scanning electron micrographs of Olptdiwn zoospores attached 
to tobacco roots. 


A -E. Stages in retraction of the flagellum. Roots sampled after 
incubating for 10 minutes in zoospore suspension. 


A. Zoospore with coiled flagellum. FG+0/*/12,500/1um. 

B. Flagellum coiled around the zoospore body. 0/*/20,000/0.5ym. 

C & D. Flagellum wrapped around the zoospore body. Apparent merging 
of the flagellum and body membranes (arrows) and ridge formation. 
FG+0/*/24 ,000/0.5um. 


E. Zoospore with flagellum (arrow) wrapped around its body and with 
the whiplash (large arrow) still free. FG+0/*/23,000/0.5um. 


F. Zoospores each with the flagellum completely retracted. Root 
sampled after incubating for 20 minutes in zoospore suspension. 
0/*/12,000/1um. | 
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PLATE 9. Scanning electron micrographs of Olptdtywm zoospores attached 
to tobacco roots. 


A, B & C. Zoospores encysted on root in zone of cell elongation. Root 
sampled after incubating for 15 minutes in zoospore suspension. 


A. FG+0/*/100/150um. 
B. Enlargement of area (arrow) in A. FG+0/*/500/30um. 
C. Enlargement of area (arrow) in B. FG+0/*/5,000/3um. 


D. Zoospores encysted on root hair. Enlargement of area (circle) in B. 
FG+O/*/6 ,000/2um. 


E& F. Freeze-fractured tobacco roots. Roots sampled 2 hours after 
inoculation with zoospores. 


E. Fractured encysted zoospore. Cyst contains cytoplasm (cc) and 
large vacuole (arrow). FG+t0O/*/20,000/lum. 


F. Encysted zoospore (c) on root surface. Fracture through the host 
cell wall (HCW) showing thickening (arrow) adjacent to cyst. 
FG+0/*/ 24 ,000/0. 5pm. 
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PLATE 10. Scanning electron micrographs of tobacco roots inoculated 
with Olptdtwn zoospores and freeze-fractured. 


A. Fractured empty cyst showing the cyst wall (cw), 2 hours after 
inoculation. Note the thickening (arrow)of the host cell wall (HCW) 
adjacent to the cyst. FG+t0/*/17,000/l1um. 


B. Fractured cyst (c) and penetrating thallus (arrow), 3 hours after 
inoculation. No apparent thickening of the host cell wall (HCW). 
FG+O/*/14,000/1um. 


C. Two intact cysts (c) on fractured host cell wall (HCW), 4 hours 
after inoculation. Note the two penetrating thalli (arrows). 
FG+0/*/13,000/1um. 


D. Collapsed cysts (c) and adjacent cell wall thickenings (arrows), 
24 hours after inoculation. FG+0/*/15,000/lum. 


E. Collapsed cyst (c) on root surface 24 hours after inoculation. 
Note the hole (arrow) in the host cell wall where penetration occurred. 
FGt+0/*/26,000/0.5um. 


F. Intact and fractured (arrow) thalli (t) in an epidermal cell, 24 
hours after inoculation. FG+0O/*/7,200/2um. 
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PLATE 11. Scanning electron micrographs of tobacco roots inoculated 
with Olptdium zoospores and freeze-fractured. 


A. Thalli (t) in an epidermal cell 48 hours after inoculation. 
FG+0/*/6,500/2um. 


B. Fractured thallus 48 hours after inoculation. Note that the thallus 


wall (arrow) separates the fungal cytoplasm (fc) from the surrounding 
host cytoplasm (HC). FG+t0/*/5,5000/2um. 


C. Fractured thallus 48 hours after inoculation. Note the connection 
(arrow) between the thallus (t) and the root surface. FG+0/*/4,400/3um. 


D. Zoosporangium with exit tube (arrow), 72 hours after inoculation. 
FGtO/*/12,000/1um. 


E. Fractured zoosporangium 72 hours after inoculation. Note the 
presence of many vacuoles (v) in the fungal cytoplasm. 
FG+0/*/4,300/3um. 


F. Fractured mature zoosporangium containing zoospores (arrows), 96 
hours after inoculation. FG+t0/*/5,000/3um. 
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PLATE 12, Scanning electron micrographs of freeze-fractured tobacco 
roots containing Olptdtwn zoosporangia and resting 
sporangia. 


A. Zoosporangium with exit tube (arrow), 96 hours after inoculation 
of root with zoospores. FG+0O/*/4,200/3um. 


B. Young resting sporangium, 96 hours after inoculation of root with 
zoospores. Ridges (arrows) visible on the surface. FG+0/*/6,200/2um. 


C. Resting sporangia in epidermal cell, 96 hours after inoculation of 
root with zoospores. Ridges are pronounced. FG+0/*/5,000/3um. 


D. Resting sporangia in epidermal cells, 120 hours after inoculation 
of the root with zoospores. FG+0/*/3,400/3um. 


E. Longitudinal fracture of root showing resting sporangia in cells 
of the cortex. F/*/800/15um. 


F. Transverse fracture of root showing resting sporangia in epidermal 
cells and cells of the cortex. Note the presence also of a zoospor- 
angium (arrow) with a long exit tube. F/*/1,000/10um. 
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PLATE 13. Scanning electron micrographs of Olptdiwn resting sporangia 
in freeze-fractured tobacco roots, 


A. Resting sporangium with ridges making up fiye and six-sided facets. 
FG+O/*/5,500/2um, 


B. Fractured resting sporangium, Note the thick wall (W) surrounding 
the fungal cytoplasm (fc) which has a sculptured surface with a 
‘raspberry-like' appearance, fFGt0/*/9,000/2um, 


C. Fractured resting sporangium with sculpture of rod-like depressions 
on the surface of the cytoplasm (fc). FGt0/*/4,500/3um, 


D. Enlargement of C to show the layers of the wal] (W) and the rod-like 
depressions on the surface of the cytoplasm (fc). FG+O/*/9,000/2um. 


E. Paired fractured surface of resting sporangium in C. Note the 
rod-like raised areas (arrow). FG+0/*/18,000/lum. 


F. Enlargement of E to show the rod-like raised areas. 
FG+0/*/4,500/3um. 
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PLATE 14. Transmission electron micrographs of zoospores of 
Olptdiwm/TSA. 


A. Intact zoospore with plasmamembrane (arrows) around the body (zb) 
and flagellum (f). OV/*/7,500/2um. 


B. Longitudinal section through zoospore. Note the slight swelling 
(arrow) where the flagellum joins the body. FG+0/UA+LC/29,500/0.5um. 


C. Longitudinal section through zoospore body and part of the 
flagellum showing the plasmamembrane (zp) continuous around the body 
and flagellum. Note that the central fibrils (arrow) of the flagellum 
terminate at the kinetosome (k). FG+O/UA+LC/56,000/0.2um. 


D. Transverse section of flagellum showing 9+2 arrangement of axonemal 
fibrils surrounded by plasmamembrane. FG+tO/UA+LC/89,000/0.1]um. 


166 


PLATE 15, Transmission electron micrographs of Ofpzdtum zoospores 
attached to tobacco roots. 


A - D. Sections of zoospores on roots sampled after incubating for 10 
minutes in zoospore suspension. 


A. Zoospore undergoing retraction of the flagellum, 
FGtO/UA+LC/46 ,000/0.3ym. 


B. Enlargement of transverse section of axonemal fibrils (af) in A. 
Note that the 2 central fibrils (arrow) are present in this section 
and that the outer fibrils are surrounded by zoospore cytoplasm. The 
flagellum membrane is absent around the axonemal fibrils. 
FG+O/UA+LC/95,700/0.1um. 


C&D. Zoospores each with the flagellum retracted. Cyst wall not 
present around the zoospore bodies,which are surrounded by only the 
plasmamembrane (zp). Axonemal fibrils (arrows)are present in the 
zoospore cytoplasm in transverse section in C,and in oblique section 
in D. The fibrils are not surrounded by a membrane. 
FG+O/UAt+LC/32,000/0.5um, 
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PLATE 16. Transmission electron micrographs of Olptdiwn/TSA zoospore 
attached to tobacco root, 


A&B. Sections through a zoospore body with the axonemal fibrils (af) 
present in the cytoplasm. Root sampled after incubating for 15 minutes 
in zoospore suspension, Note the absence of the flagellum membrane 
around the axonemal fibrils, and the thin layer of cyst wall material 
(arrows) deposited exterior to the body plasmamembrane (cp). 
FG+0/UA+LC/33 ,600/0.5um, 
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PLATE 17. Transmission electron micrographs of Ofpz~dtwn zoospores 
encysted on tobacco roots, 


A & B. Roots sampled one hour after inoculation. Note the cyst wal] 
(cw) deposited exterior to the plasmamembrane. Axonemal fibrils (af) 
are present in transverse section but not in the regular 9+2 
arrangement. 


A. Section of encysted Olptdtum zoospore. Note the electron dense 
material (arrows) between the cyst wall and the host cell wall (HCW). 
Lomasome-like bodies (Lo) are present between the host plasmamembrane 
and cell wall adjacent to the encysted zoospore. 

FG+O/UA+LC/45 ,000/0.3um. 


B. Section of encysted Olptdtum/TSA zoospore. FG+0/UA+LC/44,000/0.3um. 
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PLATE 18. Transmission electron micrographs of encysted Olptdiwn 
zoospores penetrating tobacco root cells. 


A, B & C. Roots sampled 3 hours after inoculation, 


A. Oblique section through an encysted Olptdtwn zoospore. Note the 
presence of a large vacuole (V) distal to the site of attachment to 
the host cell wall (HCi/), and the presence of a Jomasome-like body (Lo) 
near the site of attachment. FG+0O/UA+LC/46,800/0.3um. 


B. Oblique section through the penetration channel (arrow) and 
thickening of the host cell wall (HCW). Lomasome-like bodies are 
present in the cyst and the penetration channel. Material has been 
deposited between the host cell plasmamembrane (HP) and the cell wall. 
FG+O0/UA+LC/36 ,000/o0.3yum. , 


C. Section through penetration channel (arrow) and thickening of host 
cell wall (HCW). Most of the fungal cytoplasm (fc), including the 
nucleus (fn), is present inside the host cell, and separated from the 
host cytoplasm by only the thallus plasmamembrane (tp). Some fungal 
cytoplasm and lomasome-like bodies (Lo) are still present in the cyst 
Cee FG+O/UAt+LC/40 ,300/0..3um. é 
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PLATE 19. Transmission electron micrographs of Olptdtwn thalli in 
tobacco root cells. 


A. Thallus (t) separated from host cytoplasm (HC) by only the thallus 
plasmamembrane GaN. Root sampled 12 hours after inoculation with © 
zoospores. FGtO/UAtLC/36,000/0.3yum. 


B. Thallus with thin wall present (arrow). Root sampled 36 hours 
after inoculation with zoospores. FGtO/UA+LC/7,400/2um. 


C. Thallus with definite wall (tw), which is deposited exterior to 
the thallus plasmamembrane. Root sampled 36 hours after inoculation 
with zoospores. FGtO/UA+LC/13,000/1Ium. 


D. Thallus with wall (tw), and many vesicles (arrows) present in the 
cytoplasm. Root sampled 48 hours after inoculation with zoospores. 
FG+0/UA+LC/37 ,300/0.3um. 
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PLATE 20. Transmission electron micrographs of Ofptdtwn zoosporangia 
in tobacco roots, 


A. Part of an Olptdiwn/TSA zoosporangium. The wall (zw) appears to 
have two layers of different electron density. The cytoplasm is partly 
differentiated to form zoospores, and oblique sections of axonemes (a) 
are visible. FGtO/UAtLC/27 ,000/0.5um, 


B. Mature zoosporangium of Olptdiwm/TSA with a plugged exit tube (e). 
The cytoplasm has differentiated to form zoospores. : 
FG+O/UA+LC/4,200/0.3ym. 


C. Section through a zoospore in a mature Olptdtwn zoosporangium. 
Note the transverse sections of axonemes (arrows). The zoospore body 
is surrounded by a single membrane (zp) and the cytoplasm varies in 
density. FG+tO/UAtLC/27 ,000/0.4um. 


D. Section through a zoospore in a mature Olptdtwn/TSA zoosporangium. 
The relationship between the nucleus (fn), rhizoplast (r), kinetosome 
(k) and axoneme (a) is visible. FG+O/UA+LC/29,700/0.4um. 
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PLATE 21. Transmission electron micrographs of Ofptdiwn resting 
sporangia in tobacco roots, 


A&B. Young resting sporangia with thick walls (WH). The cytoplasm is 
dense, but organelles are still yisible. 


A. Many mitochondria (fm) are present in the fungal] cytoplasm (fc). 
FG+O/UA+LC/12,500/1um. 


B. Note that the host cel] plasmamembrane (arrows) is detached from 
the host cel] wall (HCW). FG+tO/UA+LC/15,500/1 um, 


C. Developing resting sporangium of Olptdium/TSA with thick, 
undulating wall (W). The cytoplasm is extremely dense, and contains 
numerous large bodies. K/UAtLC/7,100/2ym, 


D. Enlargement of wall in C to show layers of wall and fibrous 
structures (arrows). K/UA+LC/36,000/0.3um,. 


E. Resting sporangium with fully developed wall (W), showing the 
characteristic stellate outline. Note the dense cytoplasm (fc) and 
numerous lipid bodies at the periphery of the cytoplasm. 
FG+O/UAtLC/4 ,800/3um. 


F. Enlargement of wall in D to show the different layers present 
(1, 2 & 3). FG+tO/UA+LC/38,000/0.3um. 
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PLATE 22. Light and fluorescence micrographs of tobacco stems. 

A&B. Transverse section of healthy tobacco stem, B/AB/180/60pm, 

A. Light micrograph. 

B. Fluorescence micrograph. Note the strong autofluorescence in the 
xylem (X) and sclerenchyma (S), and weaker fluorescence in the external 
(eP) and internal (iP) phloem, 


C&D. Transverse section of tobacco stem 60 days after inoculation of 
roots with Olptdtum, B/AB/150/60um. 


ComLightamicrograpn: 


D. Fluorescence micrograph. Strong autofluorescence in the xylem (X), 
and fluorescence in the phloem (eP & iP). 
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PLATE 23. Light and fluorescence micrographs of tobacco stems, 


A&B. Transverse section of tobacco stem showing stunt symptoms 60 
days after inoculation of the roots with Olptdtumn/TSA. B/AB/200/60um. 


A. Light micrograph. Cell walls of xylem are irregularly thickened. 
Dark material present in xylem tissues (arrows). Internal phloem (iP) 
is more extensive than in healthy and O2ptdtwn controls. 


B. Fluorescence micrograph. Autofluorescence in xylem is irregular. 
Fluorescence in phloem tissues is apparently normal. 


C&D. Transverse section of tobacco stem showing stunt 30 days after 
sap inoculation with TSA. B/AB/170/60um. 


C. Light micrograph. Extensive internal (iP) and external (eP) phloem 
present. Xylem (X) showing some irregularity. 


D. Fluorescence micrograph. Fluorescence in phloem tissues is normal 
in distribution but increased in intensity when compared with controls. 
Autofluorescence in the xylem shows some irregularities. 
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PLATE 24. Light and fluorescence micrographs of tobacco stems. 
A - D. Longitudinal sections. B/AB/160/100um, 
A. Light micrograph of healthy tobacco, 


B. Fluorescence micrograph of same tissues as in A. Note the strong 
autofluorescence associated with the xylem O08 and the weaker 
fluorescence in the phloem (eP & iP). 


C. Light micrograph of tobacco stem showing stunt symptoms 60 days 
after inoculation of the roots with Olptdium/TSA, Note the 
disorganisation of the xylem (X) and phloem (iP) as compared to the 
healthy stem in A. 


D. Fluorescence micrograph of same tissues as in C. Note the weak 
fluorescence in the xylem (X), and the increase in the intensity of 
fluorescence in the phloem (iP) but with apparently normal 
distribution. 
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PLATE 25. Scanning electron micrographs of transyerse sections of 
tobacco stems. 


A &B. Healthy tobacco, 8 weeks old. 
A. Whole stem. F/*/18/750pm. 
B. Enlargement of vascular tissues in A, F/*/90/150um. 


C & D. Tobacco, 8 weeks old, 6 weeks after roots inoculated with 
Olptdtum. 


C. Whole stem. F/*/22/750um- 
D. Enlargement of vascular tissues in C. F/*/90/150um. 


E &F. Tobacco, 8 weeks old, 6 weeks after roots inoculated with 
Olptdtum/TSA, 


E. Whole stem. F/*/18/750um. 
F. Enlargement of vascular tissues in E. Note the disorganisation of 


the xylem, and the presence of extensive internal (iP) and external 
(eP) phloem. F/*/90/150um. 
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PLATE 26. Scanning electron micrographs of transyerse sections of 
tobacco stems. 


A&B. Xylem cells. F/*/450/30um. 

A. Healthy tobacco. 

B. Tobacco 6 weeks after inoculation of roots with Olptdiwm/TSA. 
C&D. Xytiem cells. = .F/*/1.8007 10min. 


C. Tobacco 6 weeks after inoculation of roots with Olptdtum. Note 
the lignified cell walls. 


D. Tobacco 6 weeks after inoculation of roots with Olpidiwm/TSA. 
Note the thin cell] walls. 


E &F. Internal phloem cells. F/*/450/30um. 
E. Healthy tobacco. 


F., Tobacco 6 weeks after inoculation of roots with Olptdtwm/TSA. 
Note the extensive development of phloem, but no apparent necrosis. 
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PLATE 27. Scanning electron micrographs of transyerse sections of 
tobacco tissues. 


A, B&C. Petiole of tobacco 6 weeks after inoculation of roots with 
Olptdtum/TSA. Note the dense gum-like material. 


A. Vascular tissues of petiole. F/*/90/150um, 


B. Enlargement of region (large arrow) in A to show the relationship 
of the gum-like material to the cells. F/*/1],800/]0um, 


C. Same petiole section as in A yiewed obliquely to show the gum-like 
material (arrows) on the cut surface, F/*/450/30um, 


D, E&F. Xylem of tobacco stem 6 weeks after inoculation of roots with 
Olptdtum/TSA. 


D. Disorganised xylem with thin-walled cells and gum-like material 
(arrows). F/*/450/30um. 


E. Thin-walled and lignified xylem cells together. Necrotic cells 
contain gum-like material (arrows). FGt0O,F/*/450/10um. 


F. Enlargement of gum-like material in xylem cell in E. 
FG+0O ,F/*/1,800/10um. 
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PLATE 28, Transmission electron micrographs of yascular tissues in 
tobacco stems. 


A&B. Transverse sections of phloem in tobacco showing stunt 
symptoms 60 days after inoculation of the roots with Olptdtwn/TSA. 


A. Sieve cells (SC) and companion cells (©) in phloem tissues. 
FG+O/UA+LC/3 , 700/4um. 


B. Sieve cells (SC) separated by a sieve plate (SP). The cells are 
apparently normal, and contain P-protein (PP) and plastids (PL). 
FG+O/UA+LC/18,400/1um. 
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PLATE 29. Transmission electron micrographs of tissues infected with 
tobacco stunt agent. 


A &B. Transverse sections of xylem in tobacco stems\ 
FG+0/UAtLC/3,700/3ym, 


A. Xylem cells in healthy tobacco. Xylem vesse] (XV) with lignified 
wall, and cells containing cytoplasm, 


B. Xylem cells in tobacco showing stunt symptoms 60 days after 
inoculation of the roots with Olptdium/TSA. Cell walls are thin and 
have irregular outlines. Cytoplasm inside most of the cells has 
degenerated. Parts of the lignified walls of two xylem vessels (XV) 
are visible. 


C. Chloroplasts (CH) in a mesophyl cell of a tobacco leaf showing 
stunt symptoms. Note the large granules of starch (ST). The lower 
chloroplast has a disorganised membrane system due to the starch 
accumulation. FG+tO/UA+LC/17,600/1um. 


D. Chloroplasts (CH) in a mesophyl cell of a leaf of Chenopodtum 
anarantteolor with 3 days old necrotic lesions after inoculation with 
tobacco sap containing stunt agent. Note the large starch (ST) 
granules within the chloroplasts. The chloroplast at the lower right 
has degenerated. FG+O/UA+LC/15,000/1um. 
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PLATE 30. Transmission electron micrographs of negative stained 
tobacco stunt agent preparations. 


A -C. */PTA/200,000/0. Tum. 


A. A preparation obtained after two cycles of differentia] 
centrifugation. Particles (arrows) approximately 9 nm in diameter. 
No infectivity associated with sample, 


B & C. Preparations obtained after two cycles of polyethylene glycol 
6000 precipitation. No infectivity associated with samples. Particles 
(arrows) range in size from 15 to 35 mm, Some particles (white arrow) 
observed with a possible membrane. 
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APPENDIX 


Analysis of lesion counts obtained from control and treatment 
inoculations made on the 2 halves of the same leaves of Chenopodium 


amaranttcolor. 


t-test of significance for correlated samples (Snedecor & Cochran, 1967) 


ED 


vi NeDe 53 (<0), 
1 


N - 


where D = difference between paired samples. 


N 


number of paired samples. 
Significance at the 1% level (« .01) denoted by ** 


Significance at the 5% level (« .05) denoted by * 


No significance denoted by NS 
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TABLE 5. Lesion counts: Effect of buffer pH on tobacco stunt agent 
infectivity in tobacco sap bioassayed on Chenopodium 


amarantteolor 
Buffer pH 
aya) eto Oo 7.0 igs OLD 
rag 261 210 A ya 374 698 
274 452 590 UBe. 620 376 
EXDreL 366 537 155 291 363 470 
443 291 652 644 517 223 
Lesion 185 609 419 303 309 239 
counts 302 460 602 758 272 270 
393 5TzZ 134 697 984 548 
16] 43] 883 482 766 490 
Total 2455 3555 4245 4228 4205 3314 
Mean 307 444 5s 529 526 474 
43 183 150 262 178 136 
10 175 ie 269 5 100 
EXDea LL 70 4] 276 118 320 160 
47 134 354 197 92 ‘faye 
Lesion 33 fea y/ 98 190 285 198 
counts 74 174 210 402 128 149 
63 217 236 244 148 287 
liz 159 169 118 164 229 
Total B5zZ 1340 1610 1800 1466 1412 
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TABLE 6. Lesion counts: Effect of buffer molarity on tobacco stunt 
agent infectivity in tobacco sap bioassayed on Chenopodium 
amaranticolor Exp. | 


Buffer molarity 


OS5 GeO 5 0.01 0.005 

5] 267 357 304 

se 231 213 188 

12 317 175 175 

45 292 231 170 

34 193 164 210 

4] 271 359 243 

5 249 321 267 

Lesion 0 (AW 364 249 
counts 1] 172 159 63 
33 174 190 95 

9 219 268 281 

is 235 224 229 

4 120 193 ay 

26 298 254 23¢ 

7 24] 345 180 

12 307 278 193 

Total 356 3798 4092 3296 
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TABLE 7. Lesion counts: 


Effect of buffer molarity on tobacco stunt 


agent infectivity in tobacco sap bioassayed on Chenopodium 
amaranttecolor Exp. II 


O25 


14 
12 
38 
17 
34 
42 
15 
25 


Vowel AIS 


Buffer molarity 


OcTF 0505" 08017202005 


133 247 482 21] 
- 56 236 524 480 
193 267 BZ 296 


0.001 


435 
338 
408 


0.01M 
(no 4-PTC) 


64 
24 
53 
58 


distilled 
H0 
116 
88 
30 
14 
108 
22 
63 
63 
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TABLE 8. Lesion counts: Chenopodtum amaranticolor inoculated with 
tobacco stunt agent in tobacco sap and incubated at 17°C 


Days after inoculation 


Leaf 
No. Genre een] 8 9 10 12 14 16 18 
!  @.7 26 62 ~~ 80 9] 106man 1119s nL coe leo 
2 i a A ash) e59 [2am 0} ye RB eis 
3 Of 09 10.) 624 ¥ie6 50 65 86 9] 102 
4 OF 20> 950 6a 14) 27 3] 45 67 83 86 
5 Oo Ome Ome 4600 068 115 Hee. 16S. ONE WD) Kt 
6 i OWS er i ee 231 27 ee Cees 4 34] 
v OW Ome se ecoe aeo> wel Ace 245 253 253 
8 Om 0 9840 6905 ast 161 198m 21ep e241 24] 
9 Gh 0; #0 5 ae 62 132 1058 0p 111 
10 jn We Ww Gane can mes 2 Sorel 0st 121 1735 ri 2s 
im 7 a a ae 131 158 182 198 198 
ie ow 4 Sec eee | 54 76 90 108 108 
13 Ger 00 0 5 eel 4 17 29 42 45 46 
ie oe t © 1 10,432 38 68 86 96 102 
15 Ue WoW VE de as 73 1049) 1345 Se 47a a2 
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TABLE 9. Lesion counts: 


LeateNoce—4 5 6 
] 0 5] 15 
2 0 43 74 
3 0 22 33 
4 0 25 63 
5 0 1] 40 
6 0 4 14 
ee 0 26 107 
8 0 6 24 

) 0 US 121 
10 0 47 64 
1] 0 20 3c 
12 0 21 Ad 
13 0 5 13 
14 0 7 107 
15 02m 208 167 
16 0 46 74 
Total OmeDS, ieee LOS 


Chenopodtun amaranticolor inoculated with 
tobacco stunt agent in tobacco sap and incubated at 21°C 


Days after inoculation 
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TABLE 10. Lesion counts: Chenopodtum amaranttcolor inoculated with 
tobacco stunt agent in tobacco sap and incubated at 25°C 


Days after inoculation 


Leaf No. 4 5 6 7 8 ee a ee as 
1 Oa cman c ome O4Re 25 8 34a ets eee scm | a6) aelab 

2 OW | Ge A i Ek EP) ee ae 
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7 oe SU ie a Sea sy as es 
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i creer on Re gee) ts) Pee PS eeP ama oP act) 
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15 ee a a 
16 On sae 3 Bp00 1s or) Se meh weed") nent | 
Total 0 143 385 679 923 1074 1208 1335 1403 1498 
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TABLE 12. Lesion counts: Increment curye I of tobacco stunt agent 
infectivity in tobacco bioassayed on Chenopodium amaranttcolor 
after sap transmission ; 


Days after inoculation 


4 6 8 10 W4 14 16 18 20 22.604 
Inoc. 4 74 184 e2 262 93 99 237 19™ A102 eee 
leaves 1 86 116 186 103 273 82 134 8] 66 48 

1] 79 215 267 204 128 202 1389) 106 1355 B57 
Lesion ] 145 201 Wigs 262 152 119 Item 185.6) 1024.67 
counts/ 0 59 136 157 233 108 196 80 126 56 37 
leaf 2 ial 143 18] 207 109 108 127.) 149 21647 101 

0 28 141 es 376 Zi 175 2047 138 Se) wg BS 

0 2] 93 144 116 315 173 119! 127 AC aeeGs 
Total Go 569 gal229) 9 nso5 »ul763. (alsSo.” 54) 2115) 99] 805 506 
Mean 1] ya 154 170 220 174 144 144° «324 ~—~—O*W10) 63 
Non- 0 0 0 7) 87 142 93 139 52 69 A7 
inoc. 0 0 0 69 65 208 159 AE? RS} 1] 12 
leaves 0 0 0 99 85 142 317 180 99 12 eed. 

0 0 0 109 196 175 378 95 78 96 29 
Lesion 0 0 0 70 76 25 228 78 TV} 56 8649 
counts/ 0 0 0 46 86 96 (arcs 53 57 70 8823 
leaf 0 0 0 18 58 113 440 185 65 ryey aie} 

0 0 0 124 Als EE: 184 204 =129 81 67 
Total 0 0 0) 606 870 =1124 2026 1141 670 533 307 


Mean 0 0 0 76 109 14] 253 143 84 meso 
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leaves 


Lesion 
counts/ 
leaf 


Total 


Mean 
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leaves 


Lesion 
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Lesion counts; 
infectivity in tobacco bioassayed on Chenopodium amaranticolor 


after sap transmission 
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TABLE 16. Lesion counts: Effect of RNase concentration on tobacco 
stunt agent infectivity in tobacco sap bioassayed on 
Chenopodtum amaranttcolor 


RNase concentration 


Oe 0.01 0.001 0.0001 ‘ 
1 ug/ml ug/ml wg/ml ug/m] ug/ml] Control 

0 2 79 163 123 166 

0 ] 24 105 190 QS 

0 0 97 | 155 103 AS 

Lesion 0 0 68 54 Was) 191 
counts/ 0 0 9 43 102 62 
leaf 0 ] 9] 78 14 140 
0 0 92 22 50 Wal 

0 0 9 58 sya 29 

0 0 73 5] 201 78 

0 0 69. 98 76 ke 

0 ] 42 107 War 2 132 

0 ] 58 92 118 183 

0 0 47 133 94 98 

0 0 53 129 87 67 

0 0 8] 93 7] 64 

0 ] 36 79 48 9] 

Total 0 7 928 1560 1640 1667 
Mean 0 . 0 58 98 103 104 


*Control = 0.02 M phosphate + 0.001 M 4-PTC pH 7.0 + equal volume of 
distilled water 
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TABLE 18. Lesion counts: Effect of bentonite on tobacco stunt agent 
infectivity in tobacco sap bioassayed on Chenopodium 
amaranttcolor 


—_—_——— 


Mg - bentonite 
Control] 2.5 mg/ml Control 5 mg/ml Control 12 mg/ml 


eee 


89 84 33 oan, 62 0 
104 90 14 1 42 0 
Lesion 47 93 19 12 eo 0 
counts/ 130 7134 12 8 4 0 
half leaf 126 84 9 A 10 0 
78 95 Wi 46 7 0 
81 86 5 2] 27 0 
19 46 7 8 88 0 
Total 674 Tipe 126 102 265 0 
Mean 84 89 16 13 33 0 
. t =-0.50 t = 0.48 B= eh 
NS NS *(a.05) 
, Bentonite 
Control 3 mg/ml Control 8mg/ml_ Control 16 mg/ml 
98 20 52 1 17 0 
63 34 26 0 26 0 
Lesion 122 9 7 ] 8 0 
counts/ 159 44 50 0 A 0 
half leaf 40 Sul 121 2 21 0 
65 49 262 0 21 0 
155 72 29 2 4 0 
255 12] 50 2 83 0 
Total 957 386 S/T 8 187 0 
Mean 120 48 Tz ] es) 0 
t = 4.06 t7=82.39 t = 2,60 


Inepe, §Mse. GOoRTOe re asinnevad Yo : 
maihboqaes! > mO Soyser£orm Qua ns " 


¥ 
stinosned ~ OM 
fa\om Si  fouwtnoed “Tw\pm @ 6} @vaned Unt @,5 . 
f sd v ‘ Ee | Ag aS V7 e-bay ae te : 
1 $6 i ef. G@ .« ; SO] 
f a4 $1 ef £2 Th notes 
; "7 $f oe? obT ” \2 sues 
6 h v AE. ast to0l Tal ; 
0) ah iI ral wy ¥ 
rs 2 an fe ’ : 
« iI ab eT - 
> Oo 14! ery aie Taya 
jj Had Ar ~ 58h 
11. «3 nH = 2 O¢,.Gee 7 
(20,0)* ray au 


ay lnoarned 


im\om af toprol’ — n\get 5 iow Lav’ 4 — 
5 st . $¢ a we : 
G es f aS Ae 7 : | =e ; 
a) ; . ® - ssi oz / ee 
¢ U ve pp eet “4 rer i 
is i Paty, te Ob ‘aot i ; 
is Q sas a, | a 
, $ es si. eee can 7 
: } ist a. ae 


7 — 
D 
- 


TABLE 19. Lesion counts: Effect of the addition of yeast RNA 
on tobacco stunt agent infectivity in tobacco sap 
bioassayed on Chenopodium amaranttcolor 


Yeast RNA concentration (mg/m1) 


OF] ] 5 10 100 
4 ] 18 4 0 
Lesion 3 ] 3) 8 0 
counts/ ] qi Zs 19 ] 
leaf (2 9 24 12 0 
3 9 6 29 0 
3 5 22 34 0 
1 6 19 6 1 
] 8 31 6 ] 
2 ] 5] 16 0 
8 9 3 30 0 
0 5 4 17 0 
0 8 18 3] 0 
Total 28 We 222 212 3 
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TABLE 20. Lesion counts: Effect of yeast-RNA and Mg@* on tobacco 
stunt agent infectivity in tobacco sap incubated at 20°C 
and bioassayed on Chenopodium amaranticolor 


a A I IN a I A A EE 


Incubation time (minutes) 


0 10 20 30 60 


Buffer 18) W212)” [lease 32 0. «34068. 1 77 
+ 75) meee 2500 e103, 10> 436° 1398134.) 279 

5 mg yeast Ah sy ek} AN aE lon yh Ky hae 
RNA/m1 126) 810296139) wble5 = 945 mega 7937 70S 
Lesion 150 es9 13 eaet4e 23) 4 1, 99) ee 33 

counts/ Cue 0140 eas90) 3011820 a4 encom 9 

halfeleat. 1926 9415 9925 98560) 656200 6250 e 12 lm es 

inky) UM ie iS ey ep fn 2 

Total 832 1451 345 1000 256 994 229 1003 31 490 

Mean jy FF) YR eR ee Se Ra 

Buffer iskl ER GG VAP WE Sa OO 
+ a GE ae) ER eS 
0.01 M (‘EGP ak ey a i OC) a ee Ge 
MgCl, 2678) a186 84. 860) 30 9666 20) 33) Smee 
Lesion 52bmale> 460 4me79" 95 we 2399 10 laa 

‘counts/ 58) 50 14 Amese 21m?) 4 eo Oe 

half leap 28 C0 36. gael2 9 49) 904 13) low Omeed 

A vist a) dat) 

Total 831 883) 436) 6507 275) aeons 12 eel CSeeOMeEDS 

Mean 1046) 110.955). 2 7580o4metG 7a Oa 5 eG a 


i 


*C = control i.e. 0.01 M phosphate pH 7.0 + 0.001 M 4-PTC 


T = treatment i.e. phosphate/PTC + yeast RNA or MgCl. 
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TABLE 21. Lesion counts: Dilution end point of tobacco stunt agent 
infectivity in tobacco sap bioassayed on Chenopodium 


amaranttcotor 
Dilution (sap: buffer) 

ace Te5 210 1250 1:100 
ExpeI 152 180 117 ] 0 
Lesion 46] 219 61 ] 0 
counts/ 474 iis 56 2 0 
leaf 298 204 170 0 0 
293 244 60 0 0 
436 310 88 ] 0 
422 89 75 0 0 
"abl 105 75 ] 0 
Total 2813 146400 ee 02 6 0 
Mean 352 183 88 | 0 

Exp. Il 311 273 38 0 O. 
‘Lesion 247 131 6 0 0 
counts/ 549 134 iB5 ] 0 
leaf 216 189 153 0 0 
249 240 Ws ] 0 
44] 425 85 2 0 
595 114 221 ] 0 
257 252 89 0 0 
Total 2865 1758 900 5 0 
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TABLE 22, 


rc 


Incubation time (hours) 


4°c 


20°C 


Lesion counts: 


Longevity of tobacco stunt agent infectivity 


in tobacco sap prepared in phosphate/PTC buffer and 


bioassayed on Chenopodium amaranttecolor 


Lesion 
counts/ 
leaf 


Total 


Mean 


Lesion 
counts/ 
leaf 
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TABLE 23. Lesion counts: Longevity of tobacco stunt agent infectivity 
in tobacco sap prepared in phosphate/PTC buffer plus 10 mg 
yeast RNA/ml and bioassayed on Chenopodium amaranticolor 

Incubation time (hours) 
0 1 2 3 4 Ca alec oe sORunas 

4°c 5] 32 59 34 34 30 9 3 2 0 

Lesion 109 We ey 32 54 28 5 2 0 0 
counts/ 99 37. 149 S| 32 6 614 1 i) 
leaf 146 53 70 83 48 26 5 0 0 0 
AUR) (pei) 34 Sa 22 iP es 4 0 0 

0 Jae 0 4] 47 =6111 Zi. 8 0 3 0 

fae TAG Soe! | 6] eh AW ] 0 0 

195 95 sy) Ree 90 (i WS Zi 0 0 

Total 1029 9657/53 48 Oe 52 ae Oe eS 5 0 
Mean 129 UZ 73 60 oy! 2c 2 ] 0 
2020 86 4 4 0 0 0 0 0 0 0 
Lesion 118 8 3 0 0 0 0 0 0 0 
counts/ 98 0 0 0 0 0 0 0 0 0 
leaf 93 7 0 0 0 0 0 0 0 0 
136 23 ] 0 0 0 0 0 0 0 

80 26 2 0 0 0 0 0 0 0 

193 22 3 0 0 0 0 0 0 0 

135 is ] ie 0 0 0 0 0 0 

Total 939. 103 14 0 0 0 0 0 0 0 
Mean Wey 13 2 0 0 0 0 0 0 0 
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